AFRL-ML-WP-TR-2000-4057

3D STRENGTH PREDICTION OF
ADVANCED COMPOSITES

GYANESHWAR P. TANDON
ALEXANDER E. BOGDANOVICH

ADTECH SYSTEMS RESEARCH, INC.
1342 N FAIRFIELD ROAD
BEAVERCREEK, OHIO 45432-2698

MARCH 2000

FINAL REPORT FOR 10/01/1995 — 10/31/1999

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

MATERIALS AND MANUFACTURING DIRECTORATE
AIR FORCE RESEARCH LABORATORY

AIR FORCE MATERIEL COMMAND
WRIGHT-PATTERSON AIR FORCE BASE OH 45433-7750



Standard Form 298 (Rev. 8-98) Page 1 of 2

REPORT DOCUMENTATION PAGE

1. REPORT DATE (DD-

2. REPORT TYPE 3. DATES COVERED (FROM - TO)
MM-YYYY) Final 01-10-1995 to 31-10-1999
01-03-2000
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
3D Strength Prediction of Advanced
Composites
5b. GRANT NUMBER

. 5c. PROGRAM ELEMENT NUMBER
Undassfied
6. AUTHOR(S) 5d. PROJECT NUMBER

Tandon, Gyaneshwar P. ;
Bogdanovich, Alexander E. ;

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME AND ADDRESS 8. PERFORMING ORGANIZATION REPORT NUMBER
Adtech Systems Research, Inc.
1342 N. Fairfield Road

Beavercreek , OH 45432-2698

9. SPONSORING/MONITORING AGENCY NAME AND
ADDRESS

Materids and Manufacturing Directorate
Air Force Research Laboratory

Air Force Materlel Commmd 11. SPONSOR/MONITOR'S REPORT NUMBER(S)
Wright-Patterson AFB , OH 45433-7750

10. SPONSOR/MONITOR'S ACRONYM(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
A
PUBLIC RELEASE

Materids and Manufacturing Directorate
Air Force Research Laboratory

Air Force Materid Command
Wright-Patterson AFB , OH 45433-7750

13. SUPPLEMENTARY NOTES

14. ABSTRACT

file:///E:\ffcshackup2\final\tr20004057_200121051109.298 . html 06/01/2001



Standard Form 298 (Rev. 8-98)

The god of this program was to reduce the cost of designing advanced organic and ceramic matrix
composite structures by addressing key deficiencies in state-of-the-art analytical techniques.

Page 2 of 2

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT

Undassfied | Unclassfied

c. THISPAGE

Undassfied

17.
LIMITATION

OF ABSTRACT

Public
Rdease

3D failure andys's, bonded joints; composite; cracks, debonding; energy release rate; falure criteria;
friction; interface; modeling; variationd methods

18. NUMBER OF
PAGES

367

19a. NAME OF RESPONSIBLE
PERSON

Fenger, Lynn
[fengter@dtic.mil

19b. TELEPHONE NUMBER
International Area Code

Area Code Telephone Number
703 767-9007
psn 427-9007

file:///E:\ffcshackup2\final\tr20004057_200121051109.298 . html

06/01/2001



Standard Form 298 (Rev. 8-98) Page 1 of 2

REPORT DOCUMENTATION PAGE

1. REPORT DATE (DD-

2. REPORT TYPE 3. DATES COVERED (FROM - TO)
MM-YYYY) Final 01-10-1995 to 31-10-1999
01-03-2000
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
3D Strength Prediction of Advanced
Composites
5b. GRANT NUMBER

. 5c. PROGRAM ELEMENT NUMBER
Undassfied
6. AUTHOR(S) 5d. PROJECT NUMBER

Tandon, Gyaneshwar P. ;
Bogdanovich, Alexander E. ;

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME AND ADDRESS 8. PERFORMING ORGANIZATION REPORT NUMBER
Adtech Systems Research, Inc.
1342 N. Fairfield Road

Beavercreek , OH 45432-2698

9. SPONSORING/MONITORING AGENCY NAME AND
ADDRESS

Materids and Manufacturing Directorate
Air Force Research Laboratory

Air Force Materlel Commmd 11. SPONSOR/MONITOR'S REPORT NUMBER(S)
Wright-Patterson AFB , OH 45433-7750

10. SPONSOR/MONITOR'S ACRONYM(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
A
PUBLIC RELEASE

Materids and Manufacturing Directorate
Air Force Research Laboratory

Air Force Materid Command
Wright-Patterson AFB , OH 45433-7750

13. SUPPLEMENTARY NOTES

14. ABSTRACT

file:///E:\ffcshackup2\final\tr20004057_200121051109.298 . html 06/01/2001



Standard Form 298 (Rev. 8-98)

The god of this program was to reduce the cost of designing advanced organic and ceramic matrix
composite structures by addressing key deficiencies in state-of-the-art analytical techniques.

Page 2 of 2

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF:

a. REPORT b. ABSTRACT

Undassfied | Unclassfied

c. THISPAGE

Undassfied

17.
LIMITATION

OF ABSTRACT

Public
Rdease

3D failure andys's, bonded joints; composite; cracks, debonding; energy release rate; falure criteria;
friction; interface; modeling; variationd methods

18. NUMBER OF
PAGES

367

19a. NAME OF RESPONSIBLE
PERSON

Fenger, Lynn
[fengter@dtic.mil

19b. TELEPHONE NUMBER
International Area Code

Area Code Telephone Number
703 767-9007
psn 427-9007

file:///E:\ffcshackup2\final\tr20004057_200121051109.298 . html

06/01/2001



NOTICE

Using Government drawings, specifications, or other data included in
this document for any purpose other than Government procurement does
not in any way obligate the U.S. Government. The fact that the
Government formulated or supplied the drawings, specifications, or other
data does not license the holder or any other person or corporation; or
convey any rights or permission to manufacture, use, or sell any patented
invention that may relate to them.

This report is releasable to the National Technical Information Service
(NTIS). At NTIS, it will be available to the general public, including
foreign nations.

THIS TECHNICAL REPORT HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION.

VERNON T. BECHEL, Mechanical Engineer L. SCOTT THEIBERT, Chief
Mechanics Team Structural Materials Branch
Structural Materials Branch Nonmetallic Materials Division

GRISWOLD, As istant Chief
Nonm ic Materials DlVlSlon
Materials and Manufacturing Directorate

Do not return copies of this report unless contractual obligations or notice on a specific
document requires its return.



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 07040188

Public reportmg hurden for this coll ion of inf i is i
the of i Send g this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information
Operations and Reports, 1215 Jefferson Davis nghway “Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

d to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing

1. AGENCY USE ONLY (Leave biank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

MARCH 2000 FINAL REPORT FOR 10/01/1995 - 10/31/1999
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
3D STRENGTH PREDICTION OF ADVANCED COMPOSITES C  F33615-95-C-5041
PE 62102
PR 4347
6. AUTHOR(S) TA 34
GYANESHWAR P. TANDON WU 05

ALEXANDER E. BOGDANOVICH

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
ADTECH SYSTEMS RESEARCH, INC.
1342 N FAIRFIELD ROAD
BEAVERCREEK, OHIO 45432-2698

8. PERFORMING ORGANIZATION
REPORT NUMBER

"3, SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)
MATERIALS AND MANUFACTURING DIRECTORATE
AIR FORCE RESEARCH LABORATORY

AIR FORCE MATERIEL COMMAND
WRIGHT-PATTERSON AFB, OH 45433-7750

POC: VERNON T. BECHEL. AFRI/MLBC, 937-255-9077
11. SUPPLEMENTARY NOTES

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

AFRL-ML-WP-TR-2000-4057

12a. DISTRIBUTION AVAILABILITY STATEMENT 12h. DISTRIBUTION CODE

APPROVED FOR PUBLIC RELEASE, DISTRIBUTION UNLIMITED.

13. ABSTRACT (Maximum 200 words)

The goal of this program was to reduce the cost of designing advanced organic and ceramic matrix composite structures by
addressing key deficiencies in state-of-the-art analytical techniques. Failure modes at both the fiber/matrix level and the
individual lamina level were studied experimentally and with analytical modeling techniques aimed specifically at reducing
design costs by reducing the need for costly empirical mechanical failure testing. The macromechanics portion of this
program consisted of the development and implementation of a novel 3D variational analysis technique. This "mosaic
model" was applied to predict the progressive failure of double lap composite-to-composite and composite-to-metal joints.
Comparisons are made with FEM and experimental test results of failure of composite adhesive joints. Predictions of the
effect of the spew fillet in adhesive joints as well as maximum stress, stain, and energy release rate and failure location in lap
joints are made. The micromechanics portion of this program added significantly to the development of the cruciform test
for measuring interfacial normal strength in single-fiber samples. Experimental observations of damage initiation and
ultimate failure were found to be consistent with numerical predictions from a 3D FEM model. Advanced modeling
techniques were also applied to the end notched flexure test, to the fiber pushout test, and for prediction of
thermomechanical, conductive, and damage parameters in oxide-oxide composites for use in turbine engines.

14. SUBJECT TERMS A
3D failure analysis, bonded joints, composite, cracks, debonding, energy release rate, failure
criteria, friction, interface, modeling, variational methods

15. NUMBER OF PAGES

367
16. PRICE CODE

17. SECURITY CLASSIFICATION
OF REPORT

UNCLASSIFIED

18. SECURITY CLASSIFICATION
OF THIS PAGE

UNCLASSIFIED

19. SECURITY CLASSIFICATION
OF ABSTRACT

UNCLASSIFIED

20. LIMITATION OF
ABSTRACT

SAR

Standard Form 298 (Rev 2-89) (EG)
Prescribed by ANSI 18
Designed using Perfnrm Pm WHSIDIUR Oct 94




SECTION

1.0

2.0

3.0

4.0

TABLE OF CONTENTS

EXECUTIVE SUMMARY

PART A

A CRITICAL SHEAR ENERGY RELEASE RATE
CRITERIA FOR DEBONDING IN A PUSH-OUT TEST
1.1 Introduction

1.2 Initiation

1.3  Propagation

1.4  Ultimate Failure

STRESS FIELDS IN A SINGLE FIBER PUSH-OUT
SPECIMEN CONSIDERING INTERFACIAL DAMAGE
AND FRICTION
2.1  Introduction
2.2 Results and Discussion
2.2.1 Thermal Loading
2.2.2 Thermal and Push-Out Loads
2.2.2.1 Frictional Interface with No Adhesive Strength
2.2.2.2 Frictional Interface with Adhesive Strength
2.3 Concluding Remarks

INFLUENCE OF EDGE EFFECTS IN ESTIMATING
INTERFACIAL NORMAL STRENGTH IN MODEL
UNIDIRECTIONAL COMPOSITES
3.1 Introduction
3.2 Specimen Design, Fabrication and Test Methods
3.3 Experimental Results
3.4 Numerical Analysis
3.5 Asymptotic Analysis

3.5.1 Fiber End Exposed

3.5.2 Fiber End Embedded
3.6  Estimation of Interfacial Strength and Characteristic Failure

Dimension
3.7 Summary
REFERNCES

INTERFACIAL NORMAL STRENGTH EVALUATION
IN MODEL UNIDIRECTIONAL COMPOSITES

4.1 Introduction

4.2  Experiment

iii

PAGE

~N O v

10
11
12
13
15

17

17
18
20
21
23
23
24
26

30
30

32

32
33



SECTION

5.0

6.0

7.0

TABLE OF CONTENTS (Continued)
PART A

43  Analytical Modeling
4.4  Results and Discussion
4.4.1 Glass/Epoxy Composite
4.4.2 SCS-0/Epoxy Composite
4.4.2.1 Interface Strength Measurement
4.4.2.2 Parametric Study
4.4.2.3 Debond Length Measurements
4.4.3 Nicalon/Epoxy Composite
4.4.4 Graphite/Epoxy Composite
4.5 Summary
REFERENCES

IN SITU OBSERVATION AND MODELING OF DAMAGE
MODES IN CROSS-PLY CERAMIC MATRIX COMPOSITES
5.1 Introduction
5.2 Experiment
5.3  Analytical Background
54 Results
5.4.1 Elastic Properties
5.4.2 Damage Progression
5.4.3 Stress-Strain Behavior
5.5 Summary
REFERENCES

VARIATIONAL, FEM AND ASYMPTOTIC SOLUTION
BEHAVIOR IN THE VICINITY OF STRESS
SINGULARITIES IN CONCENTRIC CYLINDER MODEL
6.1 Introduction

6.2  Free-Edge Singularity

6.3  Closing Remarks

REFERENCES

LOAD TRANSFER CHARACTERISTICS IN THE VICINITY
OF FIBER BREAKAGE
7.1  Introduction
7.2 Problem Definition
7.3  Results and Discussion
7.3.1 Isolated Fiber Break in an Infinite Medium
7.4  Concluding Remarks
REFERENCES

iv

PAGE
36
38
38
41
41
47
52
53
54
57
59

61

61
61
63
64
64
65
65
67
68

69

69
69
73
73

74

74
75
75
75
79
79



TABLE OF CONTENTS (Continued)

PART A
SECTION : PAGE

8.0 STRESS CONCENTRATIONS AT FIBER CORNERS 80
DURING TRANSVERSE TENSION OF UNIDIRECTIONAL
COMPOSITES
8.1  Introduction v ‘ 80
8.2  Asymptotic Analysis ) 80
8.3  Angular Variation Matching 82
8.4  Stress Scaling Factor 82
REFERENCES 83

9.0 ANALYSIS OF THE END-NOTCHED FLEXURE SPECIMEN FOR

MODE II TESTING USING VARIATIONAL METHODS : 84
9.1 Introduction 84
9.2  Methodology 85
9.3  Numerical Results and Discussion 87
9.4 Summary 94
REFERENCES 95
10.0 CHARACTERIZATION OF INTERFACIAL FRACTURE 97
TOUGHNESS IN MODEL POLYESTER/EPOXY COMPOSITE
SYSTEM
10.1 Introduction 97
10.2  Specimen Preparation and Testing 97
10.3  Analytical Modeling 99
10.4 Experimental Results 101
10.5 Data Reduction & Discussion 102
REFERENCES 105
11.0 MICROMECHANICAL RESPONSE OF A MULTI-PHASE 106
COMPOSITE
11.1 Introduction 106
11.2  Methodology 107
11.3 Results & Discussion 108
11.4 Summary 110

REFERENCES 111



TABLE OF CONTENTS (Continued)

PART B
SECTION PAGE
1.0 THREE-DIMENSIONAL VARIATIONAL THEORY OF MOSAIC 113
COMPOSITE STRUCTURES
1.1 Introduction 113
1.2 Generalized Mosaic Body Model ‘ 113
1.3 Formulation of the Variational Problem 117
1.4 Strain Energy and Work of Surface Forces for a Single Brick 120
1.5 System of Linear Simultaneous Equations for a Single Brick 123
1.6 System of Linear Simultaneous Equations for a Set of 126
Noninteracting Bricks
1.7 Continuity Conditions at the Inter-Brick Boundaries in an Irregular 128
Mosaic Structure
2.0 APPLICATION OF BERNSTEIN BASIS FUNCTIONS FOR 3-D 132
ANALYSIS OF MOSAIC COMPOSITE STRUCTURES
2.1 Displacement Approximation 132
2.2 Continuity of Displacements Between the Bricks 134
23 Continuity of Transverse Stresses Between the Bricks 136
24 A Single-Index Form of the Continuity Relationships 141
2.5 Classification of Special Junction Lines and Points 144
2.6 Continuity of Displacements at the Interior Junction Points 145
2.7 Continuity of Displacements at the Exterior Junction Points 147
2.8 Continuity of Displacements at the Interior Junction Lines 150
2.9 External Geometric Boundary Conditions 152
2.10  Further Algorithmic Considerations 155

3.0 3-D STRESS/STRAIN AND PROGRESSIVE FAILURE ANALYSIS 158
OF COMPOSITE BONDED JOINTS

3.1 Introduction 158

32 A “Dummy” Material Concept 159

3.3 A Comparison of the Analytical and Experimental Results for 162
Stepped Aluminum Specimen

34 A Comparison of the Analytical and Experimental Results for 173
Composite-to-Composite Adhesive Bonded Joints

3.5 The Concept of 3-D Progressive Failure Analysis 186

3.6 3-D Analysis of an Interlaminar Crack Propagation 195

vi



TABLE OF CONTENTS (Continued)

PART B
SECTION PAGE
4.0 3-D FINITE ANALYSIS OF COMPOSITE-TO-METAL AND 204
COMPOSITE-TO-COMPOSITE BONDED JOINTS
4.1 Introduction 204
4.2 The Concept of Submodeling 206
4.3 Problem Formulation 208
4.4 Global Analysis 209
4.5 Local Analysis - Submodel 1 212
4.6 Local Analysis — Submodel 2 221
4.7 Local Analysis — Submodel 3 228
4.8 Local Stress Analysis in the Corner Region 2 229
4.9 Stress Variations in the Width and Thickness Directions 235
4.10  Stress Analysis in the Presence of Initial Debond Crack 237
4.11  Analysis of Composite-to-Composite Adhesive Bonded Joint - 244
4.12  Global Analysis 247
4.13  Numerical Comparison of the Global and Submodel Analyses 257
4.14  Comparison of the Finite Element and Mosaic Model Results 265
REFERENCES 274
5.0 CHAPTER 1 - THREE-DIMENSIONAL ANALYSIS OF CRACK 275
PROPAGATION IN DOUBLE-LAP COMPOSITE BONDED
JOINTS ,
5.1 Introduction 275
5.2 A Synopsis of 3-D Mosaic Model and Variational Analysis Approach 277
5.3  3-D Crack Propagation Analysis Using Mosaic Model Approach 289
5.4 Analysis of Double-Lap Joint with Unidirectional Composite 292
Adherends
5.5  Analysis of Double-Lap Joint with Cross-Ply Composite Adherends 313
5.6  Conclusions 319
REFERENCES ’ 320
6.0 CHAPTER 2 - FINITE ELEMENT ANALYSIS OF COMPOSITE 323
BONDED JOINTS WITH ACCOUNT OF A SPEW FILLET
6.1 Introduction 323
6.2  Analysis Approach 324
6.3  Numerical Results 327
6.4  Conclusions 334

REFERENCES 335

vii



TABLE OF CONTENTS (Continued)

PART B
SECTION PAGE
7.0 THREE-DIMENSIONAL MOSAIC MODEL ANALYSIS WITH 336
ACCOUNT OF THE ENVIRONMENTAL EFFECTS
7.1  Introduction 336
7.2 Incorporation of the Thermal Expansion and Moisture Swelling 336

Effects into 3-D Mosaic Model
7.3 The Particular Case: Bricks Having One Plane of Elastic Symmetry 341
REFERENCES 343

viii



FIGURE

1-1

1-2

1-3

2-1

2-2

2-3

2-4

2-5

3-2

3-3

3.4

3-5

3-6

LIST OF FIGURES
PART A

Estimation of debond length on initiation using critical shear
energy release rate criteria

Comparison of force-debond length relationship during push-out test

Estimation of debond length at catastrophic debonding using critical
shear energy release rate criteria

Methodology adopted to simulate the problem in both FEM and ADM

Comparison of shear stresses after monotonic thermal loading,
AT =-48.5°C

Interface damage state at various push-in displacements

Comparison of ADM and FEM Results: Radial stress distribution
along the interface

Comparison of ADM and FEM Results: Shear stress distribution
along the interface ‘

Straight-sided specimen with fiber ends exposed
Straight-sided specimen with fiber ends embedded
Cruciform (or cross-shaped) specimen

Variation of radial stress with normalized distance from center of the
specimen along the length of the aluminum rod

Angular distribution matching of normalized stresses from finite
element analysis with asymptotic solution

Angular distribution matching of normalized stresses from finite
element analysis with asymptotic solution

Comparison of hoop stress from finite element analysis with
asymptotic solution for straight sided specimen with fiber ends
exposed

ix

PAGE

7

10

11

12

14

15

19

19

19

22

24

25

27



FIGURE

3-8

4-1

4-3

4-4

4-5

4-6

4.7

4-8

4-13

LIST OF FIGURES (Continued)
PART A

Comparison of hoop stress from finite element analysis with
asymptotic solution for straight sided specimen with fiber ends
covered

Specimen geometry: (a) straight-sided specimen

Graphite fiber placement in rubber mold

Sample illumination

Portable load frame

Schematic of cruciform sample specimen dimensions and
nomenclature

Stress-strain curves at various locations along the fiber length
Photograph showing failed specimens
SEM photomicrograph showing the fracture surface

Photomicrographs showing photoelastic fringes for the applied
stresses .

Photomicrograph showing fiber-matrix separation after failure
Axial variation of interfacial stresses in the matrix

Photomicrographs showing photoelastic fringes for the applied
stresses

(a) Applied stress — local strain plot, and (b) Acoustic emission count
respectively for SCS-0/Epoxy composite

Photograph showing failed specimens

Effect of loading arm width on the radial stress concentration factor

PAGE

28

34

34

34

36

37

39

39

40

40

41

42

43

44

46

48



FIGURE

4-16

4-17

4-18

4-19

4-20

4-21

4-22

4-23

424

4-25

4-26

4-27

5-1

6-3

6-4

LIST OF FIGURES (Continued)
PART A

Effect of wing height on the radial stress concentration factor for
loading arm half-width equals (a) 3.8 mm, (b) 7.4 mm and
(c) 11.2 mm

Photograph of the failed cruciform sample (optimized specimen
geometry)

Images of debonding in SCS-0/epoxy
Shape of crack front on SCS-0 fiber surface
Debonding in Nicalon/epoxy

Effect of sample thickness

Effect of fiber radius

Effect of fillet radius

Effect of fiber transverse modulus

Fillet failure

Reinforced fillets

Failed AU4/Epoxy

Stress-strain relation for the [0/90],, laminate at room temperature

Experimentally measured major Poisson’s ratio as function of
applied stress for [0/90], laminate at room temperature

Schematic of a concentric cylinder for analysis
Angular variation of opening stress, G,
Angular variation of shear stress, G,

Angular variation of radial stress, 6,

xi

PAGE

49

51

53

53

54

55

55

55

55

56

56

57

66

66

70

71

71

72



7-6

8-1

8-2

8-3

9-2

9-3

9-4

9-5

9-7

10-1

10-2

LIST OF FIGURES (Continued)

PART A

Axial variation of radial stress, 6,

Schematic illustration of a single fiber fragmentation test

Schematic of single fiber fragmentation test for analysis

Axial variation of interfacial shear stress

Axial variation of interfacial radial stress

Variation of axial stress in the fiber along the Interface
Variation of axial stress in the matrix along the interface
Geometry of Test Specimens

Angular matching for the exposed fiber specimen
Angular matching for the embedded fiber specimen
Schematic of end-notched flexure specimen

Boundary conditions for analyzing ENF specimen
Comparison of Gy from various analyses

Comparison of beam deflection from various analyses
ENF mesh and close up of focused crack tip mesh

Variation of Gy in an isotropic material

Interfacial stresses across the specimen length in the crack plane

Schematic of end-notched flexure specimen

Three-step process for fabricating ENF specimens

xii

PAGE

72

74

76
77

77

78

78

81

82

83

84

86

89

90

92

93

94

97

98



LIST OF FIGURES (Continued)

PART A
FIGURE PAGE
10-3 Schematic of a typical load-displacement response from the test 99
10-4 Contact stresses along specimen 100
10-5 Variation in potential energy release rate with support distance and 101
layer refinement
10-6 Variation of Gy, with crack length 102
10-7 Schematic of the observed failure paths in polyester-epoxy-composite 103
System
11-1 SEM micrograph showing extensive matrix cracking in as-processed 109
fabric
PART B
1.1 Example of an irregular mosaic structure 114
1.2 A “dummy” material approach applied for the irregular mosaic 115
structure
1.3 Brick nomenclature for an irregular mosaic structure 116
2.1 [Mlustration of the junction points and lines in the mosaic body 145
22 Flow chart of the developed analysis and computer code 3D mosaic 157
3.1 A single-lap and double-lap adhesive bonded joints and their mosaic 160
representations
3.2 Examples of adhesively bonded stiffened composite panels and their 162
mosaic representation
33 Schematic of the test specimen (a) and mosaic representation of its 163
1/8™ part (b)
34 Schematic of a nonuniform mesh of the bricks 164

xiii



FIGURE

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

3.13

3.14

3.15

3.16

3.18

3.19

LIST OF FIGURES (Continued)

PART B

Schematic of the strain gage placement (not in scale)

Variations of g, / €, in the x direction at y = b, z = &, computed with
mesh No. 8. Black bars indicate width of gages 1(a) and 2(b)

Variations of g, / £°, in the x direction at y = b, z = h; computed with
mesh No. 8. Black bars indicate width of gages 3(a) and 4(b)

Variations of g, / €°_in the z direction at x = a,, y = 0 computed with
mesh No. 8. Black bars indicate width of gage 5 under two
different magnifications

Variations of g,/ €°, in the x direction at y = b,and different z-levels
computed with mesh No. 8. Black bars indicates width of gage 1

Variations of g, / €°, in the x direction at y = b,and different z-levels
computed with mesh No. 8. Black bars indicates width of gage 3

Variations of ¢, / £°, along the y coordinate at x = a,- g,/ 2,z=h, +
g', /2 computed with meshes 7 () and 8 (—)

Variations of ¢,/ €°, along the y coordinate at x = a, - g,/ 2, z=h, +
g'/ 2 computed with meshes 7 () and 8 (——)

Variations of g, / £°, along the x coordinate at y = b,and different
z-levels computed with meshes 7 () and 8 (——)

Double-lap adhesive bonded joint specimen

The reduced bonded joint element

Mosaic representation of the bonded joint structural element
Schematic of the brick mesh

Schematic of the strain gage placement (not in scale)

Variations of ¢, / €°, in the x direction at y = b and three z-levels.
Black bars indicate width and location of gages 1 and 2.

xiv

PAGE

167

169

170

171

172

172

174

174

177

178

179

180

181

182

184



FIGURE

3.20

3.21

3.22

3.23

3.24

3.25

3.26

3.27

3.28

4-1

LIST OF FIGURES (Continued)

PART B

Variations of €, / €°_ in the x direction at y = b and three z-levels.
Black bars indicate length and location of gages 1 and 2.

Double cantilever beam under peel mode loading

Schematic of the 1/4™ part of the double cantilever beam specimen
Schematic of the brick mesh pattern

Distribution of the strain energy density inside the specimen. Crack
size a, = 10 mm, applied peel displacement ©, = 0.175 mm.

The insert shows the nomenclature of the bricks

Variation of the strain energy release rate on the applied peel
displacement #, at different crack sizes

Dependence of the actual crack length on the applied peel

displacement u, for different initial crack lengths a,.

Dependence of the strain energy density on the applied peel
displacement u, for different initial crack lengths a,.

Dependence of the crack opening deflection & on applied peel force
for different initial crack sizes a,.

Schematic of a double-lap joint (a) and its 1/8" part (b) considered
in the analysis

Schematic of the local region locations

Variations of o, / 5, in Gr/Ep (a) and Al (b) adherends in
localregion 1 aty/b=1,z/h=0.5

Variations of ¢, / o, in Gr/Ep (a) and Al (b) adherends in
localregion 1 aty/b=1,z/h=0.5

Xv

PAGE

185

196

197

198

199

199

202

202

203

206

207

225

226



FIGURE

4-5

4-6

4.7

4-8

4.9

4-10

4-13

4.15

4.16

LIST OF FIGURES (Continued)

PART B

Variations of 1.,/ 6, in Gr/Ep (a) and Al (b) adherends in
local region 1 aty/b=1,z/h=0.5

Variations of 6, / 6, in Gr/Ep (a) and Al (b) adherends in
local region2 aty/b=1,z/h=0.5

Variations of ¢,/ 6, in Gr/Ep (a) and Al (b) adherends in
local region2 aty/b=1,z/h=0.5

Variations of 1,, / 6, in Gr/Ep (a) and Al (b) adherends in
local region 21 aty /b=1,z/h=0.5

Variations of o, / o, (a), 5,/ 6, (b) and t,, / 5, (c) in the width
direction for Gr/Ep and Al adherends in local region 1 at x /a = 0.5,
z/h=0.5

Variations of 6, / &, (a), 5,/ 6, (b) and 1, / o, (c) in the thickness
direction for Gr/Ep and Al adherends in local region 1 at x /a = 0.5,
y/b =1

Initial debond crack at the end of the overlap zone

The element mesh distortions in the x-plane without crack (a) and
with initial debond crack of different length (b,c)

Variations of o, / 6, in Gr/Ep (a) and Al (b) adherends at y /b =1,
z/h = 0.5 without crack and with initial debond crack of two
different lengths

Variations of ¢,/ o, in Gr/Ep (a) and Al (b) adherends at y /b =1,
z/h = 0.5 without crack and with initial debond crack of two
different lengths

Variations of T, / 60 in Gr/Ep (a) and Al (b) adherends aty /b =1,
z/h = 0.5 without crack and with initial debond crack of two different
lengths

Schematic of a composite-to-composite adhesive bonded joint (a)

and its 1/8™ part (b) considered in the analysis

xXvi

PAGE

226

232

233

234

235

236

238

240

241

242

243

244



FIGURE

4.17

4-18

4-19

4-20

4-21

4-22

4-23

424

4-25

4-26

4-28

4-29

LIST OF FIGURES (Continued)

PARTB

Geometry of the global and local regions in the x-y (a) and x-z (b)
planes

Variations of o, / 5, in the adhesive (a) and middle adherend (b) along
the interfaceat y /b=1,z/h =0.3214

Variations of ¢,/ o, in the adhesive (a) and middle adherend (b) along
the interface at y /b=1,z/h =0.3214

Variations of t,, / g, in the adhesive (a) and middle adherend (b) along
the interface at y /b=1,z/h =0.3214

Variations of o, / ¢, in the adhesive (a) and middle adherend (b) along
the interfaceat y /b6=1,z/h =0.3571

Variations of c, / o, in the adhesive (a) and upper adherend (b) along
the interfaceat y /b=1,z/h =0.3571

Variations of 1, / &, in the adhesive (a) and upper adherend (b) along
the interfaceat y /b=1,z/h =0.3571

Mlustration of the brick distribution used in the Mosaic Model analysis

Variations of 6, / 6, in Gr/Ep (a) and Al (b) adherends in the
x-direction for the global regionaty/b=1,z/h =0.5

Variations of o, / 6, in Gr/Ep (a) and Al (b) adherends in the
x-direction for the local region2 aty/b=1,z/h =0.5

Variations of o, / 6, in Gr/Ep (a) and Al (b) adherends in the
x-direction for the local region 1 aty /b=1,z/h =0.5

Variations of ¢,/ 6, in Gr/Ep (a) and Al (b) adherends in the
x-direction for the global regionaty/b=1,z/h =0.5

Variations of 6, / 6, in Gr/Ep (a) and Al (b) adherends in the
x-direction for the local region 1 at y/b=1,z/h =0.5

xvii

PAGE

248

259

260

261

262

263

264

265

267

268

269

270

271



LIST OF FIGURES (Continued)

PART B
FIGURE . PAGE
4-30 Variations of 1,, / ¢, in Gr/Ep (a) and Al (b) adherends in the 272
x-direction for the global regionaty/b=1,z/h =0.5
4-31 Variations of t,, / ¢, in Gr/Ep (a) and Al (b) adherends in the 273
x-direction for the local region 1 aty /b=1,z/h =0.5
5-1 A single-lap adhesive bonded joint (a) and its mosaic model (b) 278
5-2 A double-doubler adhesive bonded joint (a) and its mosaic model (b) 279
5-3 A panel with adhesively bonded stiffener (a) and its mosaic model (b) 280
5-4 Brick nomenclature in the mosaic body model 281
5-5 Double-lap composite bonded joint (a), its 1/8" part (b) and mosaic 294
model (¢)
5-6 Mesh design in the x-z (a) and y-z (b) planes 295
5-7 Brick nomenclature for the mesh variant 1 of Table 5-4 298
58 Histogram of the potential énergy density distribution in the 301

double-lap bonded joint with unidirectional adherends

5-9 Distributions of the displacements (a) u_/u, (o), u, /u, (¢) and 304

u,/u, (A)and stresses (b) o, /o, (e), 7. /o, (A)along the
y-coordinate at x = a, —h,/2, z=h,—h, /2 calculated with mesh
variants 1, 6, and 7 of Table 5-4

- 5-10 Variations of the displacement corresponding to the I-crack (a), 305
A-crack (b) and C-crack (c) opening in the case of unidirectional
Adherends

5-11 Variation of the displacements corresponding to the I-crack (a), 305
A-crack (b) and C-crack (c) sliding in the case of unidirectional
adherends

xviii



FIGURE

5-12

5-13

5-14

5-15

5-18

5-19

5-20

5-21

LIST OF FIGURES (Continued)

PARTB

Dependencies of the energy release rate on the crack length at
u, = 0.2 mm in the case of unidirectional adherends

Variations of the global stiffness (1.48) with the crack length in the
case of unidirectional adherends

Dependencies of the critical applied displacement on the crack length
for the I-crack (a), A-crack (b) and C-crack (c) in the case of
unidirectional adherends. Values at the curves indicate the critical
strain energy release rate in J/m’

Dependencies of the critical applied stress on the crack length for the
I-crack (a), A-crack (b) and C-crack (c) in the case of unidirectional
Adherends. Values at the curves indicate the critical strain energy
Release rate in J/m’

Smearing scheme of the laminated adherends

Variations of the displacements corresponding to the crack opening
mode for the I-crack (a), A-crack (a0 and C-crack (c) in the case of
[0° / 90°],, adherends

Variations of the displacements corresponding to the crack sliding
mode for the I-crack (a), A-crack (a0 and C-crack (¢) in the case of
[0°/90°],, adherends

Variations of the global stiffness (48) on the crack length in the case
of [0° / 90°],, adherends

Dependencies of the energy release rate on the crack length at

u, = 0.2 mm in the case of [0° / 90°],, adherends

Dependencies of the critical applied displacement on the crack length

for the I- and A-cracks n the case of [0° / 90°],, adherends. Values at
the curves indicate the critical strain energy release rate in J/m?

xix

PAGE

308

309

310

311

314

315

315

317

317

318



FIGURE

5-22

6-1

6-2

6-4

6-6

6-7

LIST OF FIGURES (Continued)

PART B

Dependencies of the critical applied stress on the crack length
for the I- and A-cracks n the case of [0° / 90°],; adherends. Values at
the curves indicate the critical strain energy release rate in J/m’

A double-lap composite bonded joint under consideration (a) and its
1/8-th part analyzed (b)

[lustration of the spew fillet models in adhesive bonded joint
[lustration of finite element mesh used in the local analysis with the

spew fillet (not in scale); the mesh of triangle elements shown differs
from the actual one generated by PATRAN

Variations of o,/ 0,(a), 0,/ ¢, (b) and 7,/ g, (c) at the lower interface,

z/h = 0.3214, from the side of adherend

Variations of g,/ g,(a), 0,/ g, (b) and 7,/ 6, (c) at the lower interface,

z/h = 0.3214, from the side of adhesive

Variations of o,/ gy(a), 0,/ g, (b) and 7, / ¢, (c) at the upper interface,

z/h = 0.3571, from the side of adhesive

Variations of o,/ 0,(a), 0,/ 0, (b) and 7,/ g, (c) at the upper interface,

z/h = 0.3571, from the side of adherend

XX

PAGE

319

325

326

327

329

330

331

332



LIST OF TABLES

PART A
TABLE PAGE
3-1 Applied stress at debond initiation for model composites 21
3-2 Predicted bond strength from straight-sided specimen 29
4-1 Elastic properties of constituents 38
4-2 Experimental data from transverse testing of SCS-0/Epoxy composite 45
4-3 Maximum value of stress component sxx at fiber-matrix interface 50
and in the fillet region, for unit applied stress and varying cruciform
geometry
5-1 Elastic properties of unidirectional laminate 64
5-2 Elastic properties of [0/90],, laminate 64
10-1 Summary of test data and computed Gy values 104
PART B
4-1 Element meshes used in the global analysis for the x-direction 211
convergence study
4-2 Element meshes used in the global analysis for the y-direction 211
convergence study
4-3 Element meshes used in the global analysis for the z-direction 212
convergence study
4-4 Normalized displacements at x = 0.5a, y = 0.8b, z = 0.5/ computed 213

with the element meshes described in Tables 4-1 thru 4-3.

4-5 Element meshes used in the Submodel 1 analyses; /, =20, /,= 1, /

z

=1 214

4-6 Normalized displacements at x = 0.5a, y = 0.8b, z = 0.5/ computed 215
with the element meshes of Table 4-5.

xxi



TABLE

4-7

4-8

4-9

4-10

4-11

4-12

4-16

4-17

4-18

4-19

LIST OF TABLES (Continued)

PARTB

Normalized displacements at x = 0.5a, y = b, z = 0.54 computed with
the element meshes of Table 4-5.

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = 0.8,
z = 0.5/ computed with the element meshes of Table 4-5.

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = b,
z = 0.5h computed with the element meshes of Table 4-5.

Uniform meshes in the y-direction used in Submodel 1 analysis;
[,=20,1,=1

Parametric meshes in the y-direction used in Submodel 1 analysis;
[,=20,1=1

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = b,
z = 0.5h computed with the element meshes of Table 4-10

Normalized stresses in Al and Gr/Ep adherends at x = 0.54, y = 0.8,
z =0.5h computed with the element meshes of Table 4-10

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = b,
z = 0.54 computed with the element meshes of Table 4-11

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = 0.8b,
z=0.5h computed with the element meshes of Table 4-11

Uniform element meshes in the z-direction used in Submodel 2
analysis

Element meshes, nonuniform in the z-direction, used in Submodel 2
analysis

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = 0.85,
z=10.5h computed with the element meshes of Tables 4-16 and 4.17

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = b,
z= 0.5/ computed with the element meshes of Tables 4-16 and 4.17

xxii

PAGE

216

216

217

218

218

219

219

220

220

221

221

222

222



TABLE

4-20

4-21

4-22

4-23

424

4-25

4-26

4-27

4-28.

4-29

4-30

4-31

4-32

LIST OF TABLES (Continued)

PART B

Normalized stresses in Al adherend at x = 0.5a, y = b,
z = 0.4h computed with the element meshes of Table 4-16

Normalized stresses in Gr/Ep adherend at x = 0.5a, y = b,
z = 0.64 computed with the element meshes of Table 4-16

Element meshes, nonuniform in the x-direction, used in Submodel 3
analysis

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = 0.8,
z = 0.5h computed with the element meshes of Tables 4-22

Normalized stresses in Al and Gr/Ep adherends at x = 0.5a, y = b,
z = 0.5h computed with the element meshes of Tables 4-22

Element meshes used in Submodel 3 analyses with the debond cracks;
other parameters explained in the text

Element meshes used in the global analysis

Normalized displacements at x = 0.5444a, y = b and four z-locations,
computed with different x-direction element meshes of Table 4-26

Normalized displacements at x = 0.55564, y = b and four z-locations,
computed with different x-direction element meshes of Table 4-26

Normalized displacements at x = 0.5667a, y = b and four z-locations,
computed with different x-direction element meshes of Table 4-26

Normalized displacements at x = 0.5444q, y = b and four z-locations,
computed with different y-direction element meshes of Table 4-26

Normalized displacements at x = 0.5556q, y = b and four z-locations,
computed with different y-direction element meshes of Table 4-26

Normalized displacements at x = 0.5667a, y = b and four z-locations,
computed with different y-direction element meshes of Table 4-26

xxiii

PAGE

223

223

228

229

229

239

249

250

251

252

253

254

255



TABLE

4-33

4-34

4-35

4-36

5-1

5-3

5-4

5-5

LIST OF TABLES (Continued)

PART B

Normalized stresses in the lower adherend at y = b, z = 0.3214A
and two x-locations, computed with different x-direction element
meshes of Table 4-26

Normalized stresses in the adhesive layer at x /a = 0.5444, y = b,
z=0.3214h, computed with different x-direction element meshes
of Table 4-26

Normalized stresses in the lower adherend at y = b, z = 0.3214h
and two x-locations, computed with different y-direction element
meshes of Table 4-26

Normalized stresses in the adhesive layer at x /a = 0.5444,y = b,
z =0.3214h computed with different y-direction element meshes
of Table 4-26

Characteristics of the brick meshes in the x-direction
Characteristics of the brick meshes in the y-direction
Characteristics of the brick meshes in the z-direction
Computational variants used in the analysis

Convergences of the global and local potential energy densities and
displacements at the corner point with the mesh refinement in the

x- and z-directions

Convergence of the averaged stresses computed for local
Regions 1, 2 and 3

xXxiv

PAGE

256
256
257
257
296
296
296
297

302

303



EXECUTIVE SUMMARY

The 3D Strength Prediction of Composite Materials (3DSPC) program, sponsored by the
Air Force’s Materials Directorate at AFRL, focused on lowering the cost of imﬁlementing
advanced composites in aerospace structures by making significant advances in design
methodologies for the use of composite materials to maximize performance and material
efficiency. Traditionally, many expensive coupon-level mechanical property measurement tests
are conducted on candidate composite materials to provide designers with accurate thermoelastic
constants to be used in design. The same mechanical tests often provide designers with less than
acceptable failure information. A proven technique for applying coupon level strength properties
to complicated structures with varying laminate thickness and layups does not eXist. The failure
modes that occur in the actual structures often do not exist in the coupons or do not exist in the
same ratios and combinations. The result is that further mechanical failure testing of prototype
parts is required which drives up the cost of using advancgd composites.

The 3DSPC program addreséed the issue of reducing mechanical testing costs by
increasing the understanding of the mechanical response and progressive damage states in a
range of advanced composite materials, which include high temperature brittle matrix
composites (BMC) and polymer matrix composites, through the use of state-of-the-art analytical
techniques. Two major routes were investigated — micromechanics (fiber/matrix level analysis)
and 3D macromechanics (individual lamina level analysis) as opposed to the laminate level
analyses that are currently being employed.

The advancéments by Nicholas Pagano and G. P. Tandon over the few years prior to this
program regarding global unidirectional composite behavior, material properties at the

constituent level, and the boundary conditions which simulate interfacial damage, led to



increased understanding of the key mechanisms associated with failure of composite laminates.
That is, the study of the response of a unidirectional layer or various micromechanical
parameters such as phase geometry and interfacial properties resulted in identification of critical
features that are common in fiber-reinforced composites. The current Work (Part A) builds on
the previous micromechanics research by Pagano and Tandon by modeling several interface
strength tests, the end notched flexure (ENF) test, a high void content oxide-oxide composite for
use in the hot section of turbine engines, and load transfer to the remainder ofa composite from a
fiber break.

The micromechanics portion of the 3DSPC yielded several important results. The
cruciform geometry was utilized to evaluate the interfacial normal strength in unidirectional
composite systems using single fiber specimens. The stress level at debond initiation was
measured using indicators from several sources such as development of photoelastic fringes, a
jump in the strain response of surface gages, the ﬁrst significant occurrence of acoustic emission
activity, and visual observation using a reflected light technique. The experimental observations
of damage initiation and ultimate failure were found consistent with the numerical prediction
using 3-D FEM. Interfacial stress distributions in the single-fiber pushout specimen were also
obtained using two numerical techniques. The pushout test verified the necessity of using an
elastic analysis on the order of an axisymmetric FEM model including a point-by-point
representation of friction for data reduction of pushout test results.

A more rigorous elasticity model for analysis of the ENF test for characterization of
Mode II fracture toughness was developed. Numerical results of this analysis were used to
assess the accuracy of various solutions available in the literature; including beam theory. The

ENF specimen was then used to evaluate the fracture toughness of a polyester/epoxy planar
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interface, and the predictions were correlated (with mixed success) with previously obtained

values from pushout testirig. Finally, an oxide-oxide composite consisting of a 2-D

reinforcement in a matrix consisting of alumina particles, voids, inherent cracks due to the

~ processing conditions, and a silica bonding agent was analytically modeled. Predicted quantities
are presented including the thermomechanical effective moduli, the thermal conductivity tensor,
and damage due to processing conditions.

Part B of this report describes the development and implementation of a 3D variational
model for predicting failure of composite adhesive joints through accurate 1arﬁina level
calculation of stress, strain, and energy release rates. Prior to the 3DSPC program the Air Force

-and the aerospace industry utilized an outdated analysis methodology in designing composite to
composite and composite to metal bonded structures. Since the approaches relied on were 2-D
and 3-D FEM, and they required a prohibitive number of degrees of freedom to achieve
convergence, the predicted strength and durability of adhesive joints were calculated with
unknown accuracy and relied heavily on empirical data obtained a great expense. This work was
conducted by Alexander Bogdanovich and builds on the recent developments in spline
variational theory and its implementation (by Endle larve) for the prediction of failure in
composite bolted joints.

A generalized version »of a spline variational model referred to as the “mosaic model” was
developed to aeeurately calculate stresses, strains, and displacements in complex shaped
composite structures assembled from anisotropic parallelepipeds. The approach enforces
continuity of displacements between similar material blocks and continuity of displacements and
stresses between dissimilar material blocks. In addition, the model includes the effects of linear

thermal expansion and moisture swelling. The theory was first applied to model double-lap

W



composite adhesive joints, and the results v&;ere compafed to 3-D FEM results. A concept of 3-D
progressive damage and fracture modeling was next proposed and illustrated on the example of
interfacial crack growth in a double cantiléver composite solid. The novel theoretical approach
for analyzing 3-D problems of crack propagation was then applied to double and single lap
composite to composite and composite to metal joints. Extensive results are documented
including the locations of maximum stresses and strains as well as energy release rates as a

function of joint geometry. Finally, a comprehensive discussion of the effects of the spew fillet

in adhesive joints on the stress distributions near the end of the overlap is presented.



1.0 A CRITICAL SHEAR ENERGY RELEASE RATE CRITERIA FOR DEBONDING
IN A PUSH-OUT TEST'

1.1 Introduction

The objective of this study was to model the progressive debonding portion of the load-
displacement response in a push-out test including initiation of debonding, propagation and
eventually catastrophic debonding of the remainder of the bonded interface using a single
parameter characterized as the critical shear energy release rate of the interface. In a recent study,
Tandon and Pagano [1] had employed the variational model of a concentric cylinder to
accurately model the fiber push-out and re-push test used for evaluation of interfacial properties.
The detailed stress distributions and load-displacement solutions obtained by considering a
variety of interface boundary conditions (such as adhesively bonded, frictionally sliding and
debonded) were compared with a numerical elasﬁcity solution using the material properties of’

polyester/epoxy system for which experimental data was available [2].

Further, to resolve the problem associated with vanishing strain energy release rate because
of a weak singularity at the crack tip, a critical finite crack length extension, equal to the
minimum layer thickness in the model, was suggested [1] for evaluation of the toughness of the
interface using energy balance arguments. Also, the direct contribution of normal and shear
tractions to the change in potential energy could be separated, although the stress components
were related by the frictional law in the slip region. It was found that the model predicted the
apparent toughness of the interface to increase with the length of the debond while the numerical

contribution of shear stresses to the potential energy release rate was nearly constant.

1.2 Initiation

In this work, we have employed the critical shear energy release rate criteria (G, = G) to

predict the onset of debonding, i. e, the critical force needed to “pop-in” the debond during the

1 (Presented at the Symposium on Micromechanics of Fiber Reinforced Composites, 5th International Conference on Composites Engineering,
Las Vegas, Nevada, July 5-11, 1998)
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push-out test. This is accomplished by determining the values of applied displacement (d*) and
hence, corresponding force (F*), which result in G, = G, for a number of debonds. As seen in
Fig. 1-1, both F* and d* values display a minimum with debond length. Thus, according to this
criterion, the length of the debond will continue to increase until stable crack growth takes place
(corresponding to the minimum in the curves shown in Fig. 1-1). The debond length value at
which stable propagation bégins to take place is the critical debond length at initiation and the
corresponding F* value is the value of the force at which the debond will initiate. If the approach
was perfectly consistent, both F* and d* would be minimum at the same value of the debond
length. However, there is some (small) error due to the number of layers utilized (N=10) along
with using the average value of the shear energy release rate as the critical shear enérgy release
rate. Further, in determining d* and F* values as a function of debond length, a curve was fitted
to approximate the relationship between G, and force versus displacement. However, the error

introduced due to this approximation is minimized by narrowing the range of interpolation
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Fig. 1-1: Estimation of debond length on initiation using critical shear energy release rate
criteria.

1.3 Propagation

As the debond propagates, the force-displacement response is next predicted by meeting the
proposed failure criteria. This is accomplished by determining the values of applied displacement
(d*) and hence, force (F*), which result in G.= G for each debond length measurement made by
Bechel and Sottos [2]. This comparison with experimental data is illustrated in Fig. 1-2 and is

extremely good for all debond lengths considered. During this stage the stress increases at a



decreasing rate with increasing displacement to a maximum (o,) at which point catastrophic

debonding occurs along the remainder of the bonded interface.
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Fig. 1-2: Comparison of force-debond length relationship during push-out test

1.4 Ultimate Failure

The critical shear energy release rate criteria is also applied to estimate the maximum debond
stress and the corresponding critical debond length for the push-out specimen. The variation of
F* and d* values with the length of the debond is plotted in Fig. 1-3. It is seen that both F* and
d* values pass through a maximum as the debond length is increased. Beyond a certain length of
the debond, lesser force and displacement is needed to satisfy the critical shear energy releasé
rate criteria and the debond becomes unstable. The debond length value at which unstable
propagation begins to take place is the critical debond length for catastrophic debonding. Again,
both F* and d* do not ~tttain maximum values at the same value of the debond length. However,
the differences are small and our estimates of the maximum debond stress, externally applied
lisplacement and critical debond length are very close to the experimental measurements and
therefore lend credence to the use of critical shear energy release rate criteria for a unite crack
extension (Aa) for estimating these quantities. The predictions were also shown to be relatively

independent of the magnitude of i~a over a wide range of the latter extension.
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Fig. 1-3: Estimation of debond length at catastrophic debonding using critical
shear release rate criteria
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2.0 STRESS FIELDS IN A SINGLE FIBER PUSH-OUT SPECIMEN CONSIDERING
INTERFACIAL DAMAGE AND FRICTION!

2.1 Introduction

Sophisticated and accurate analysis methods are required to enhance the understanding of the
fiber-matrix interfacial damage evolution and the nature of mechanisms driving the damage
growth. These analyses may also provide improved methods for obtaining values to the
parameters characterizing the material behavior such as the adhesive bond strength and
coefficient of friction from experimental data. In this work, the detailed stress distributions and
load-displacement solutions obtained by using two different techniques capable of considering
several interfacial conditions (bonded, sliding with friction, debonded, and sticking) are

compared.

The models considered are the Axisymmetric Damage Model (ADM) [1] which produces an
approximate elasticity solution with a variety of interface boundary conditions and Finite
Element Method (FEM) with the fiber-matrix interface modeled as frictional contact. ADM
computes the load-displacement relationship and stress fields in the model for a pre-specified
state of interface damage without using load incrementatidn., The finite element model
determines the location and extent of bonded, debonded and frictional zones on the interface as a
part of the solution using an incremental loading procedure. Figure 2-1 shows the methodology
used to carryout the numerical studies in this paper. In this effort, the interfacial damage zones
determined from the finite element analysis are specified in ADM analyses. Then push-in
displacement, corresponding load and the interfacial stress distributions obtained from the two

models are compared.

2.2 Results and Discussion

Several simulations are performed for polyester fiber/epoxy matrix system with assumed

' (Presented at the Symposium on Processing-Structure-Property Relationships of Composite Inteifaces, Annual TMS Meeting, San Antonio,
7X, Feb 15-19,1998)
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coefficient of friction, a system for which experimental data is available [2].

The first case investigated (Case-I) is during the residual stress development where the
loading is considered to be monotonic from a stress-free state. Then the case of superimposing
push-out loading after the residual stress step is discussed as Case-11. For both of these cases the
effect of adhesion on the stress fields is determined through comparison of ADM and FEM

solutions. Additionally, mesh and load incrementation convergence studies are performed to

Iteratively adjust
region sizes

l Stress and Deformation

Comparison of stress fields at the interface

2.2.1 Thermal Loading

10

Fig. 2-1: Methodology adopted to simulate the problem in both FEM and ADM

The first load step considered corresponds to -48.5°C temperature difference or -0.0011
shrinkage strain. There is only thermal residual stress at this point and the load history is a
monotonic decrease of temperature from the stress free state. There are no reversals of the slip
direction on any portion of the interface. The stick state of the interface has the same mechanical

conditions as the perfectly bonded conditions, i.e., not only the incremental displacements AWg -



AW, = 0 but also the total displacements, wg -wy, = 0. Fig. 2-2 shows the normal (crgr) and shear
stress (orz) distributions at the fiber-matrix interface as obtained from the ADM and FEM
Solutions. In this case, the stress distributions obtained for both frictional contact analyses
- modeling (with slip-stick zones) and adhesive bond modeling (with slip-adhesion zones) are very
similar in nature. The figure also shows the porg distribution, which is plot to distinguish

between the slip and the bonded/stick regions.
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Fig. 2-2: Comparison of shear stresses after monotonic thermal loading, AT = -48.5°C

There is a small difference between the length of the slip zone obtained by ADM and that
obtained by the FEM. This difference may be attributed to the element size used in FEM since

ADM determines the size of the zone more precisely.

2.2.2 Thermal and Push-out Loads

Unlike Case-I, Case-Il has superposition of two different types of loading applied to the
model. While the chemical shrinkage causes interfacial normal compression, the push-out
displacements cause interfacial shear. The results obtained from the ADM and FEM models for

this case are described for two different interfacial conditions. In the first sub-section, the FEM
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solution is described. The FEM solution is for interface with zero tensile adhesive strength and
obeys Coulomb’s law of friction under normal compression. The solutions for finite interfacial

adhesive strength are described in the second sub-section

2.2.2.1 Frictional interface with no adhesive strength
The results of the FEM analysis with no adhesive tensile strength and the fiber-matrix
interface maintained as frictional contact is described here. Fig. 2-3 shows the evolution of the

various interface zones during the thermal loading and subsequent fiber push-out loading.
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Fig. 2-3: Interface damage state at various push-in displacements

The figure describes the order of the zones and their sizes with the left end corresponding to
the lower end (Z=O) of the fiber push-out model or the end where the push-out displacement is
applied. After the thermal loading step, the order of the interface zones can be described as slip-
stick-slip. The center of the model is under frictional stick (which also corresponds to adhesive
bond in this case as the relative total shear displacement is also zero) and the ends have
symmetric slip regions. Upon the application of 10 um of push-out displacement, the fiber-

matrix interface rearranges into open-slip-slick-slip-open zones. There is a change of direction
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slip zone and hence the sign of shear stress near the fiber push-out end. At the end of the thermal
loading step, the slip zone closer to the push-out end has the matrix sliding outwards (along -z
axis). This direction is reversed by the applied push-out displacement. A small open zone also
develops at the fiber push-out end. On further application of displacement to w = 2011m, the
zones again rearrange to open-slip-stick-slip-open zones. An open zone develops at the opposite
end of push-out. Thus, not only the size but the order of the zones also changes with incremental
loading. Finally, at an applied displacement of 25 pm, the entire interface is sliding with two

symmetric open zones at either side of the model.

2.2.2.2 Frictional interface with adhesive strength

As mentioned earlier, the FEM model determines the length and order of the zones using an
incremental loading procedure. For this part of the study, the interfacial zones determined from
the FEM solution assuming frictional contact are specified in ADM and a new FEM analyses,
but with one major difference. The stick zone observed in the frictional analysis is replaced by a
bonded zone of equal length in both ADM and FEM analyses. This configuration corresponds to
a push-out displacement of 12.4 mm applied subsequent to the residual shrinkage. Thus, three
solutions are obtained for the same applied loading but with two different fiber-matrix interface

conditions.

Figure 2-4 shows a comparison of the normal stress distributions from these solutions. The
dashed lines with asterisks (--+-- )( show frictional-contact FEM solution, the solid line is the
ADM solution and the dashed-line closely following the solid line is the FEM solution with
adhesive interface conditions instead of frictional contact. These results show that the ADM
solution and FEM solution correspond to each other if identical set of interfacial conditions are
employed. On the other hand, the FEM frictional solution differs considerably from the adhesive
solution. In the latter case, singularities [3] are encountered at the transition between open and

bonded zones. Both ADM and FEM methods show the singular behavior near the bonded-open



interaction. However, the transitions from stick-to-slip regions are free of any singularities.
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Fig. 2-4: Comparison of ADM and FEM Results: Radial stress disribution along the interface.

Fig 2-5 shows the comparison between the three analyses for the shear stress component.
Again, there is a pronounced difference between frictional stick solution, the ADM solution and
the FEM bonded solution for the same load set. It can be seen that ADM and FEM bonded
solutions compare very well. The frictional solution, however, is completely different from the
bonded and ADM solutions because of the initial interface conditions and due to the load history
dependence inherent in the frictional solution These comparisons in Figs. 2-4 and 2-5 illustrate
the differences in the stress fields due to “bonded” (no shear displacement throughout the
loading history) and “stick” (no shear displacement during the last load increment but has non-
zero total shear displacement interface conditions. These differences can be extremely important

in the interpretation of FEM friction results.
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Fig. 2-5: Comparison of ADM and FEM Results: Shear stress disribution along the interface

2.3 Concluding Remarks

In this study, we have demonstrated that the predicted stress distribution in a single fiber
push-out specimen is strongly dependent on the damage state (or nature of the boundary
conditions) at the fiber-matrix interface. Effective simulation of damage evolution will therefore
require knowledge about the initial state of the specimen. Alternately, the force required to push
the fiber completely out of the matrix can be used to infer the interfacial conditions. In the
presence of adhesive bonding between the fiber and matrix, Tandon and Pagano [4 1 have
calculated the maximum fiber-end load to be 395 N using a critical value of the shear energy
release rate of the interface. However, if we assume the interface to be purely frictional, the
maximum push-out force is predicted as 101 N. Thus, a comparison of the predicted push-out
load with assumed interface conditions and the experimental measurements will aid in

determining the true nature of the interface.
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3.0 INFLUENCE OF EDGE EFFECTS IN ESTIMATING INTERFACIAL NORMAL
STRENGTH IN MODEL UNIDIRECTIONAL COMPOSITES

3.1 Introduction

Interfacial normal strength is commonly determined by testing straight-sided single fiber
composite specimens with fiber ends exposed to the free surface and interpreting debond
initiation from the beginning of non-linearity or first occurrence of acoustic emission on the
stress strain curve. In these specimens the free surface is a favored site for interfacé debonding
because of stress intensification at this location and consequently, surface observation techniques
and strain measurements in uniform-gage specimens may underestimate the actual interface
debond stress. In order to remove the influence of the free surfaces from the test, two alternate
geometries can be considered. The first design involves covering the ends of the fiber by
embedding the fiber (Hu et al'; Tandon et al*) completely inside the matrix, whereas, the second
design is of a composite sample in the shape of a cruciform or cross (Gundel et al’) with an
extremely large width in the gage section. It has been shown that if the fiber is completely
encapsulated in matrix material, the nature of the singularity near the fiber end is reversed. The
interior singularity at the fiber " corner " now manifests itself by producing a discontinuity in the
axial distribution of the radial stress approaching negative infinity on the interface. Initial
debonding will therefore be prevented since the residual radial stress remains compressive. With
the cross-shaped geometry, the central portion of the fiber/matrix interface is highly stressed
under tensile loading, thereby forcing debond initiation and propagation in the center, away from

the free edges.

In this study, model single fiber composite specimens were made in the three geometrical
configurations, namely, i) straight sided specimen with fiber ends exposed (Fig. 3-1), ii) straight-
sided specimens with fiber ends covered (Fig. 3-2) and iii) cross-shaped design (Fig. 3-3). These
model specimens are incrementally loaded in tension to failure and the fractured halves examined
to identify the location of failure initiation and the extent of failure while strain and acoustic
emission activity is continuously monitored. The three specimen designs have also been analyzed
using 3-D finite element methods to estimate the interfacial stresses in terms of constituent
material properties. Finally, some failure criteria (Whitney and Nuismer®) have been employed in

conjunction with the experimental observations to estimate the normal bond strength of the
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interface. Results indicate good correlation between experiments and the analytical predictions
for test configurations considered in this study and demonstrate the importance of stress field
singularities in controlling damage initiation in straight-sided samples. It is further shown that
the cross-shaped design is successful in forcing debond initiation in the interior of the sample
(region free of stress singularities) and therefore the results produced by testing of such

specimens may be capable of providing the true transverse response of the fiber-matrix interface.

3.2 Specimen Design, Fabrication and Test Methods

In this work, model single fiber composite specimens were made in the three geometrical
configurations, namely, 1) straight sided specimen with fiber ends exposed, ii) straight-sided
specimens with fiber ends covered and iii) cross-shaped design. The composite specimens were
cast in rectangular and cruciform shaped silicone rubber molds for straight-sided and cross-

shaped samples, respectively. The specimen cross-sectional dimensions are shown in Figs. 3-1

thru 3-5.

The samples were 0.198" (or 5.03 mm) thick for all three geometries considered. The
composite reinforcement consisted of aluminum rods, 0.092" (or 2.34 mm) in diameter, while the
matrix was an epoxy resin (Epon 828 from Shell Chemical Co.) cured with a polyetheramine
(Jeffamine D-230 from Texaco, In.) for 3 days at ambient temperature. The rod surfaces were
merely cleaned with acetone, which enabled the epoxy to strongly bond with the reinforcement.
Rods of predetermined length were approximately positioned in the mold and epoxy resin cast
around them. Curing at ambient temperature eliminated thermal residual stresses which are

otherwise induced from the mismatch in coefficients of thermal expansion of fiber and matrix.

18



Matrix

/ Fiber 69"

—>H<— 092"

3.08 |

ot

Fig. 3-1: Straight-sided specimen with fiber ends exposed

% e

Matrix

/ Fiber 69"

->H<~ 092"

3.08 o]

r
N

Fig. 3-2: Straight-sided specimen with fiber ends embedded

—»] 28" ‘4:—
Fiber
K RN B o G
295n Matrix 766"
—o = 092"
| 3.08" .

Fig. 3-3: Cruciform (or cross-shaped) specimen

The free edges of the straight-sided specimen with exposed fiber ends were progressively
ground and then polished using successively smaller diameter alumina polishing powder (final

size was 0.3 micrometer) in order to enhance the microscopic image for crack detection. The free
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edges of the cruciform specimen and straight-sided samples with embedded fiber ends were also
polished after curing. Strain gauges (gauge length 3.2 mm) were then mounted on the flat surface
in the center and along the edges of the specimen perpendicular to the fiber to monitor strain
during loading. An acoustic emission transducer was also attached to the specimen to monitor
failure events. For straight-sided samples with fiber ends exposed, the specimen was loaded to
either a prescribed level slightly higher than the expected interface debonding level or up to the
first occurrence of acoustic emission on the stress strain curve. This load was held during
application of a fluorescent penetrant to the polished surface, and then unloaded for microscopic
examination to capture all failure events which occurred. Straight sided samples with fiber ends
embedded and cruciform shaped specimen were also loaded in tension, under displacement

control, to failure and the fractured halves examined to identify the locus of failure.

3.3 Experimental Results

In Table 3-1, we have listed the applied stress level at debond initiation obtained either from
first occurrence of acoustic emission or beginning of non-linearity in the stress-strain curve for
the three specimen designs. The values listed in Table 3-1 are the average of six specimens for
each configuration considered. It was observed’ that for straight-sided specimen with fiber end
exposed, interface debonding initiated symmetrically near the free edges in both front and back
of the specimen. Subsequent loading resulted in the debond crack branching into the matrix
leading to final failure. For straight-sided specimen with fiber ends covered, it was found” that
failure initiated at the fiber corner and propagated over some distance along the fiber length
before branching into the matrix. However, for cruciform (or cross-shaped) specimen, it was
observed’ that failure initiated in the center (region free of stress singularities) away from the
fiber ends. The debond propagated for some distance along the length of the reinforcement

before branching into matrix.
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Table 3-1: Applied Stress At Debond Initiation For Model Composites

Model Single Fiber Specimen Average Applied Stress at Standard
Debond Initiation Deviation (%)
Straight-sided with fiber ends exposed 1207 psi (8.3 MPa) 14.1
Straight-sided with fiber end embedded 1787 psi (12.3 MPa) 4.6
Cruciform 2832 psi (19.5 MPa) 6.7

3.4 Numerical Analysis

In this work, model single fiber composite specimens have been analyzed using 3-D finite
element analysis employing the ANSYS code. The model was simplified by using symmetry
planes so that only an eighth of the total specimen was required to be modeled. These planes of
symmetry were constrained by symmetry boundary conditions, whereas the outer surfaces were
free to move in all directions. The aluminum reinforcement and the epoxy matrix were treated as

three-dimensional eight node brick elements with the following elastic properties (handbook

values).
Material E(GPa) v
Aluminum 72.4 0.32
Epoxy 2.9 0.35

Figure 3-4 shows the radial stress at the fiber-matrix interface in the loading direction as a
function of distance along the length of the reinforcement for the three specimen geometries
considered. Analysis reveals that the radial stress at the interface is the dominant stress
component and is maximum in the loading direction. The local stresses are represented by the
stress concentration factor (SCF), defined as the ratio of the local stress to the applied stress. The
distance is normalized with respect to the radius of the aluminum rod. The SCF value is 1.2 in
the center of the cruciform specimen and remains reasonably constant (within 10 percent) over
two-thirds of the loading region. The SCF gradually decreases at locations further away from the

center of specimen approaching zero value before increasing marginally near the free surface.
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For straight-sided samples, the SCF at the center of the specimen is approximately 1.3 for both
embedded and exposed fiber ends. However, as the free surface is approached for exposed rod or
the edge of the embedded rod is approached, a sharp increase in the SCF is observed, although

the stresses in the latter are significantly lower than the former.

The results in the previous sections for the specimens tested indicated that only in the case of
the cruciform specimen did interface failure occur far from the ends and that cracking initiated at
the fiber corners in both the straight sided and embedded fiber specimens. The likely explanation
for this behavior is the high radial stresses that occur at the fiber corners for both the exposed-
fiber and embedded-fiber specimens, as seen in Fig. 3-4. The lower far-field applied stress at
debonding for these specimens, compared with the cruciform geometry, are consistent with this
local elevation of radial stress at the interface. Additional insight regarding the stresses at the

tiber corners is provided in the next section.
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3.5 Asymptotic Analysis
Bogy's® analysis for edge-bonded elastic wedges provides an elegant methodology for

analyzing the stress concentration at the fiber corners. Using Airy's stress function approach,

Bogy® showed that the stresses at the corner are actually singular, and can be described in the

form o ~ r . Here A is the order of the singularity and is a function of the geometry and the

elastic constants of the constituent materials, and 7 is the radial distance of a material point from
the interface corner. Using Mellin's transform, and following Bogy's formulation, one obtains an
8x8 determinant, 4, for both the exposed fiber and embedded fiber problem. The dominant
singularity, A, is equal to -s-2, where s is the eigenvalue in the domain -2<Re(s)<-1 for 4=0.

Thus,
o, _ZKmp—s —Z\Pm ) (1)

where sm represent zeroes of A and the angular variations V7 (9) are the solution X(s) for non-

trivial solution to A;(s)X(S) = 0. These are obtained by a singular value decomposition method

corresponding to
A(s,) =0 (2)
3.5.1 Fiber End Exposed

Utilizing the elastic constants for epoxy matrix and aluminum fiber, we obtain one zero

s =-1.722. Thus,

o,(p.0)=>"Kp ¥ (0) 3)

The scaling constant K is next determined by matching the asymptotic solution with the far-
field solution obtained from finite element analysis. The matching is done using the approach of
Pochiraju’, although we have employed some simple tools to guide us in our selection of radius r
at which matching is performed. In Fig. 3-5, we have compared the angular distribution of the
normalized stress components from asymptotic analysis with the finite element solution (shown
as solid symbols) at p/r; = 0.17. The stresses have been normalized such that the hoop stress G
is unity at the interface (i.e., at 6 = 0°). The good agreement between the our numerical

calculations with the asymptotic distribution provides confidence that matching at p/r;=0.17 is a
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good choice.

The scaling factor K is next determined by equating the hoop stress at the interface, i.e.,

3.5.2 Fiber End Embedded

(4)

For the specimen with fiber ends embedded, we obtain two zeroes, namely, s, = -1.789 and

s, =-1.679. Thus,

Oy (p, 9) = Klp_&21 llyée (9)+ K'zpuo,szq,izj (9) (5)
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Fig. 3-5: Angular distribution matching of normalized stresses from finite element
analysis with asymptotic solution

In Fig. 3-6, we compare the angular distribution of the normalized stress components from

asymptotic analysis with the finite element solution (shown as solid symbols) at p/r; = 0.109. As

before, the stresses have been normalized such that the hoop stress oy, is unity at the interface
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(i.e., at 6 =0°).

At present, the available data from finite element solution is limited (We are in the process of
generating a new solution with a much finer mesh which will give us the required angular
distribution). Nevertheless, the comparison is reasonable as shown in Fig. 3-6 for the values
reported. In order to evaluate the scaling constants K, and K,, we now match the hoop stress at

the interface at two value of p/r; namely, 0.109 and 0.174, in a manner similar to the exposed

fiber case and obtain K, = 1.242 and K, = 0.065. Thus,
. ~0.211 gyl -0321 \y2
o,(p.0)=1.242p°2" ¥ (8)+0.065p™° W2 (9) (6)

for the embedded fiber problem. Thus, the contribution of the term with the dominant singularity
(A = - 0.321) is very small and the behavior is largely governed by the second asymptote,
namely, A = - 0.211. Notice that the order of this singularity (A = - 0.211) is indeed smaller
compared to the exposed fiber case (A = - 0.278) indicating that it is beneficial to embed the fiber

in order to reduce the tendency towards interface failure from the fiber ends.
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Fig. 3-6: Angular distribution matching of normalized stresses from finite element
analysis with asymptotic solution
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3.6 Estimation of Interfacial Strength and Characteristic Failure Dimension

In this study, we have successfully demonstrated that the cross-shaped design is successful in
forcing debond initiation in the interior of the sample (region free of stress singularities). The
tensile strength of the interface using the cruciform specimen results can therefore be estimated
by multiplying the externally applied stress (2832 psi) with the stress concentration factor (1.2) at
the interface and‘is calculated as 3398 psi (or 23.4 MPa). This value is significantly higher than
the value of 1750 psi reported earlier (Tandon and Kim®) which was based on 2-D concentric

cylinder model neglecting the end effects and size (specifically thinness) of the samples.

On the other hand, the singular stress profiles for the straight sided exposed-tiber and
embedded fiber specimens indicate that there are two ways any useful data can be obtained from
such specimens. As an extreme case, the singular stress profile can be used to imply that a crack
already exists at the fiber ends at the interface, so that the maximum load in the tensile test
simply reflects the attainment of criticality based on the fracture toughness of the interface. The
problem with this approach is that it requires some method of determining the initial crack
length. The alternate approach is to assume that the failure of the interface is governed by a
probability distribution, whereby failure occurs when area integrated probability of failure
reaches a critical value. Therefore, even though stress can become infinite over an infinitesimal
distance, the probability of failure will remain finite, being determined by the integrated
probability of failure. In this study, the focus here is to determine a characteristic distance for the
exposed and embedded fiber specimens so that the apparent strength of the interface from those

specimens is equal to that from the cruciform specimen.

Integrating Eq (3) for the exposed fiber case, the average hoop stress, (ogg), . at the

interface over a normalized distance, p/rf, is then given by

(-2

where we now identify p with the length of the fiber starting from the fiber end. Next, we plot in

1 p K |p ()
r—jceedp = —r—(see )avg = ————{ } ,at0 =0’ (N
f f

Fig. 3-7 the hoop stress distribution at the fiber-matrix interface in the neighborhood of the

singularity from both the numerical solution and asymptotic analysis. Notice that the two
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solution agree very well with each other up to p/r,=0.17 (poiht of matching) and beyond that the
asymptotic solution diverges from the finite element solution. This behavior is not unexpected
since the asymptotic solution is valid in a localized region only. To get the average stresses in the
region which is located to the right of the point at which the two solutions were matched, we now

fit the hoop stress distribution to a power law in the form

—hg
Gy = K{ﬂ} ,atf=0° (8)

For the exposed fiber problem, the quantities K; and A, are calculated as 1.47 and 0.167,
respectively, as shown in Fig. 3-7. Notice that Eq (8) is similar in form to Eq (3), and thus, the

average stress under this part of the curve will be given by an expression similar to Eq (7).
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Fig. 3-7:  Comparison of hoop stress from finite element analysis with asymptotic
solution for straight sided specimen with fiber ends exposed



This procedure is repeated for the embedded fiber and the curve fit parameters K, and A, for
the FEM solution (valid beyond the point where the two solutions begin to diverge) were

calculated as 1.452 and 0.148, respectively, as shown in Fig. 3-8.

In Table 3-2, we have listed the average stress values calculated over several normalized
distances for straight-sided specimen in the two geometric configurations. The bond strength is
then obtained by multiplying the externally applied stress level at which initiation took place

with the average stress value at the interface.
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Fig. 3-8:  Comparison of hoop stress from finite element analysis with asymptotic
solution for straight sided specimen with fiber ends covered
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Table 3-2: Predicted bond strength from straight-sided specimen

Distance Straight-sided with fiber ends Straight-sided with fiber ends
exposed embedded
L_p._j (G 96 )avg Bond Strength* (Gee )avg Bond Strength+
T
3042 Psi 4036 Psi
0.25 2.52 (21.0 MPa) 2.26 (27.8 MPa)
. . 2571 Psi 3523 Psi
0.5 2.13 (17.7 MPa) 197 (24.3 MPa)
2221 Psi 3120 Psi
1.0 1.84 (15.3 MPa) 1735 (215 MPa)

* Based on an average applied stress at debonding of 1207 psi
+ Based on an average applied stress at debonding of 1787 psi

As shown in Table 3-2, the stress concentration factor calculated at the exposed fiber end (for
the three averaging distances considered) for straight-sided specimens are higher than the value
of 1.45 used for earlier predictions®, which resulted in lower estimates of the bond strength of the
interface. On the other hand, we have demonstrated that the cross-shaped design is successful in
forcing debond initiation in the interior of the sample (region free of stress singularities) and
therefore the results produced by testing of such specimens may be capable of providing the true
transverse response of the fiber-matrix interface. Comparison of the interface strength value
(3398 psi or 23.4 MPa) with the predicted strengths in Table 3-2 suggests that 0.5 <p/r;< 1l isa
reasonably good distance over which stresses should be averaged to obtain an average strength of
the interface that is representative of the material for straight-sided specimen with fiber ends
embedded. However, for straight-sided specimen with fiber ends exposed, the predicted strength
values are lower when averaged over the same distance. One of the possible causes for lower
strength values is machining induced damage during specimen preparation prior to testing. For
exposed fiber specimen, the radial stress at the interface peaks at the free edge whereas, for
embedded specimen, it is at the fiber corner in the interior of the sample. These are precisely the
locations where failure was found to initiate during testing of straight-sided specimen. Thus,
surface damage induced during sample preparation will facilitate failure for exposed fiber

specimen and will have negligible influence on specimen with fiber ends embedded.
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3.7 Summary

Careful design and testing of model composites appears to be useful in estimating the normal
strength of the fiber-matrix interface in unidirectional fiber composites. Two simple specimen
geometries, namely, embedded fiber and cruciform design, have been considered to remove the
influence of the free surfaces from tests on traditional straight-sided specimens. Results indicate
good correlation between experiments and the analytical predictions and demonstrate the
importance of stress field singularities in controlling damage initiation in straight-sided samples.
It is further shown that only the cross-shaped design is successful in forcing debond initiation in
the region free of stress singularities and therefore the results produced by testing of such

specimens may be capable of providing the true transverse response of the fiber-matrix interface.
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4.0 INTERFACIAL NORMAL STRENGTH EVALUATION IN MODEL
UNIDIRECTIONAL COMPOSITES

4.1 Imtroduction

Failure modes of fiber-reinforced composites are governed by the transfer of stress between
the fiber and matrix. This transfer occurs across the interface between the constituents, and the
properties of this interface, therefore, will affect the performance of the composite. The
properties of the interface are, in turn, dependent upon the processing conditions employed. The
literature on the characterization of interfaces in fiber-reinforced composites generally reveals a
heavy emphasis on shear loading of the interface, wherein test methods such as the push-out test,
the pull-out test, or the fragmentation test are widely employed. Although the shear
characteristics are important under longitudinal loading, especially in polymer- and ceramic-
matrix composites, there are a number of scenarios where the normal tensile strength of the
interface can be more important. One of the most important cases is clearly when loading is
applied perpendicular to the fiber axis, where a good fiber-matrix bond strength would
significantly increase the transverse load-carrying capability of the composite. Further, under
axial loading, Pagano [1] has shown that the tensile normal stress at the fiber/matrix interface
plays a significant role in debonding the interface for a certain class of composites such as

ceramic-matrix composites.

Unlike the interfacial shear strength, the measurement of interfacial normal strength has, to
our knowledge, received only limited attention. A method that has often been used in the past to

determine the interfacial normal strength has been to load a straight-sided specimen, with fiber
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Fig. 4-1: Specimen geometry: (a) straight-sided specimen, and (b) cruciform specimen
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In order to remove the influence of the free surfaces from the test, a cruciform specimen
geometry was introduced by Gundel et al [3]. As shown in Fig. 4-1b, the model composite
sample is in the shape of a cross with an extremely large width in the gage section. Under
transverse loading, the central portion of the fiber/matrix interface is highly stressed, whereas the
fiber has negligible loading in the arms/wings. Thus, interface debonding is forced to occur in the
central region of the cross, so that the estimated bond strength is then free of edge effects. This is
the major advantage of the cruciform geometry, as has been illustrated quite extensively in
metal-matrix composites [3] and recently in polymer-matrix [4] and ceramic-matrix [5]
composites. Alternately, a curved neck specimen [6] (with a reduced cross-sectional area) can be
used to measure the tensile debonding strength of the interface when subjected to compressive
loading. Similar to cruciform geometry, failure initiates at the center of the curved neck specimen

where the stress is a maximum.

4.2 Experiment

In this work, model single fiber composite specimens were cast in a cruciform-shaped
silicone rtubber mold. Five different model composites were studied. The composite
reinforcement consisted of glass, silicon carbide and graphite fibers, while the matrix was an
epoxy resin (Epon 828 from Shell Chemical Co.) cured with a polyetheramine (Jeffamine D-230
from Texaco, Inc.) for 3 days at ambient temperature. Curing at ambient temperature eliminated
thermal residual stresses which are otherwise induced from the mismatch in coefficients of
thermal expansion of fiber and matrix. The optical glass fiber was obtained from Polymicron
Technologies Inc. and has an inner core 125 pum in diameter and an outer polyimide layer 5 pm
thick. In this work, two different silicon carbide fibers were utilized. The 140 pm diameter SiC
fiber (SCS-0 from Textron) was chosen primarily because of its large size in order to establish
the various test techniques utilized for detecting debond initiation. On the other hand, the smaller
diameter (15 um) SiC fiber (Nicalon) was utilized for initial testing on textile sized fibers.
Finally, AS4 (Hexcel) 7 um diameter, surface treated and sized graphite fibers and AU4 (Hexcel)
graphite fibers with no surface treatment or sizing were incorporated into cruciform samples to
test the interface strength in graphite epoxy specimens. The Glass, SCS-0 and Nicalon fibers
were simply cleaned with acetone, positioned in the mold and then epoxy resin was cast around
them. These fibers had sufficient bending stiffness to support their weight across the mold span.
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However, extra care was necessary when making the graphite fiber samples to insure that the
fiber was centered through the thickness of the sample. Tension was applied to the graphite fibers
to prevent sagging in the mold. A schematic of the method of inserting the graphite fiber is
shown in Fig. 4-2. The fiber was separated from the fiber tow without touching or cleaning the
portion to be placed in the mold. Not altering the fiber surface was necessary to preserve the
functionality of the sizing and to simulate actual processing of graphite/epoxy composites. Next,
the fiber was tacked with wax to a lightweight cardboard “U” shape with a span greater than 21
The U shaped fiber holder was placed on the mold, as indicated in Fig. 4-2, such that the weight
of the cardboard arms placed sufficient tension on the fiber to prevent sagging without breaking
the fiber. The fiber was then tacked to the rubber mold with wax, the fiber ends snipped, and the

cardboard removed.

The two flat surfaces of Glass and SCS-0 specimens were progressively ground to the desired
thickness, approximately 0.9 mm, while Nicalon, AS4 and AU4 samples were ground to
approximately 0.5 mm. The surfaces of all samples were then polished using successively
smaller diameter alumina polishing powder (final size was 0.3 micrometer) in order to enhance
the microscopic image for interfacial debond detection. In order to prevent specimen failure in
the grip region, fiber-glass/epoxy end tabs were adhesively bonded on the upright portion of the

specimen.

The smaller fiber diameter cruciform samples, namely, Nicalon, AS4 and AU4 samples, were
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Fig. 4-2: Graphite fiber placement in Fig. 4-3: Sample illumination
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loaded using a load-frame consisting of a microstepping motor and a square rail, lead screw
driven positioner. Grip velocity was maintained at 2.5 pm/second. Load was measured by
sampling a piezoelectric charge transducer at 2 samples/second. The load cell signal was
conditioned with a dual mode amplifier and digitized with a 16-bit A/D converter. Initiation and
growth of interface debonds was detected optically by observation of variations in the intensity
of light reflected from the surface of the fiber during loading. A 768H x 494V, 1/3” chip CCD
camera and VCR were used to capture a video of the fiber surface at 30 frames/second. The
sample was illuminated from the camera side as shown in Fig. 4-3. Two fiber optic light guides
were placed at an angle to the line connecting the camera and the fiber, and the intensity of the
illumination was adjusted to just below the level necessary to produce a slight shine on the fiber
surface. The recorded applied loads and video images were then correlated to within = 0.03

seconds which corresponds to = 0.08 pm of applied displacement.

After completion of the test, a video capture card with accompanying software was used to
select frames from the video tape record. It was possible to determine if the fiber had debonded,
what portion had debonded, and to make a measurement of the debond length to within + 0.1
fiber diameters. The resolution is reported in fiber diameters since the resolution depends on the
magnification used during imaging. The magnification was adjusted to a level great enough to
allow debond length to be determined accurately while being low enough to maintain the
maximum field of view. The tradeoff between field of view and magnification was necessary for
the best opportunity of capturing the initiation of debonding since the entire gage length could

not be imaged at once.

For the larger diameter fiber specimens, namely, Glass and SCS-0 samples, strain gauges
(gauge length 3.2 mm) were mounted on the flat surface of the matrix directly over the fiber and
at various positions along the length of the fiber. An acoustic emission transducer was also
attached to these specimen to monitor failure events. The transducer has an operating frequency
range of 400 to 1000 KHz with peak sensitivity of 55 dB for the reference input of 1 V/(m/s). A
polarized microscope was also employed to observe the onset and propagation of microcracks, in
the form of interfacial debonding, due to applied load in some Glass and SCS-0 specimens. Fig.

4-4 shows a miniature load frame which has a capacity of 9,000 N with a resolution of 4.5 N.
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Uniaxial tensile loading was applied to the specimen using this miniature loading device
(hereafter referred to as straining stage) which was designed and built for in situ observation of
damage in composite laminates. Axial force was generated by pulling the piston using nitrogen
gas pressure. The straining stage is designed to be able to be mounted on the microscope stage
for observation of microcracking or interfacial debond under loading. The specimen was
mounted on the straining stage and loaded to the level which is slightly lower than the first
expected debond level. Thereafter the specimen was loaded in increments of 9 N until final

failure. At the end of each load increment, the load was held constant during which the entire

Fig. 4-4: Portable load frame

interface was microscopically examined for debonding, and the ensuing fringe pattern captured
using a polaroid instant camera as well as a 35-mm camera. We have not made any effort to
quantify the fringe patterns. Rather, the emphasis was to identify the location of stress
intensification where failure would initiate and the stress level at which the fringes first develop

in the specimen.

The large fiber diameter specimens (Glass and SCS-0 fibers) were also loaded to failure in an
MTS machine while strain and acoustic emission activity were continuously monitored. The
samples were initially loaded to either a prescribed level slightly higher than the expected
interface debonding level or up to the first occurrence of acoustic emission on the stress strain
curve. This load was then taken to failure in small increments and the fractured specimen

examined to identify the locus of failure.

4.3 Analytical Modeling

The single fiber-cruciform specimen were analyzed using 3-D finite element analysis

employing the ABAQUS code [7]. The specimen dimensions along with the notation that we
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have used in this work are shown in Fig. 4-5. Note that the specimen thickness is indicated by "t"
whereas the wing height is denoted by "2 h". The models were simplified by using symmetry
planes so that an eighth of the total specimen was required to be modeled. The planes of
symmetry were constrained by symmetry boundary conditions, whereas the outer surfaces were

raction free. Due to the large number of elements that were anticipated (because of 3-D
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Fig. 4-5: Schematic of cruciform sample showing specimen dimensions and nomenclature

modeling), meshes were generated such that computational efficiency would be maintained
without sacrificing accuracy. Finer subdivisons were employed in the regions where the stress

gradient was expected to be high, such as along the fiber-matrix interface.

The FE model was loaded by applying tension perpendicular to the fiber axis by means of
constant displacement of the end nodes to simulate clamped-end conditions. Both the matrix and
the reinforcements were treated as three-dimensional eight-node brick elements The epoxy
matrix and Glass and SiC fibers were considered to be isotropic while graphite fibers were

considered as transversely isotropic with the following elastic properties:

In Table 4-1 the subscripts A and T stand for axial and transverse, respectively. In these

samples thermally-induced stresses were not anticipated, since curing was done at room
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temperature', and therefore were not considered in the analysis. Further, the fiber matrix interface
was assumed to be perfectly bonded since we wanted to examine the stress distribution in the

sample prior to damage.

Table 4-1. Elastic properties of constituents

Constituents E, Gpa v
Glass 65 0.25
SCS-0 400 0.15
Nicalon 200 0.20
Epoxy 3.44 0.35
Constituent E,, GPa E;, GPa | vug Vir G,p, GPa
Graphite 235 14 0.2 0.25 28

4.4 Results and Discussion

4.4.1 Glass/Epoxy Composite

Figure 4-6 shows the stress-strain curves obtained from strain gages mounted on the surface
of the cruciform specimen at different distances from the central loading plane along the length

of the fiber. The strain gage locations are shown in the inset in Fig. 4-6.

For the cruciform specimen, the far-field stress is equated to P/(w,t), where P is the applied
load, w is the width of the loading arm and t is the specimen thickness. The measured strain
values indicate that the central portion of the fiber/matrix interface is highly stressed under
tensile loading, whereas the fiber is nearly unloaded in the arms/wings. This is reflected in the
lower strain values recorded by strain gage 1 located near the fiber end as opposed to the
remaining gages 2-4. Moreover, the strain values are nearly uniform in the center over two-thirds

of the loading region (as indicated by gages 3 and 4) before they decrease with distance

! Chemical shrinkage in room temperature cured epoxies can be significant [8]. However, shrinkage induced strains were neglected in this
study since no data was available for Epon 828 cured with polyetheramine. A value of .0022 was measured by Bechel and Sottos [8] for
Epon 828 cured with diethylenetriamine (DETA). Using this value of shrinkage strain for the present system results in compressive
interfacial radial stress of approximately 7 MPa which, in turn, reduces the reported interface strength by approximately 18 % for SCS-0
fiber composites.
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Fig. 4-6: Stress-strain curves at various locations along the fiber length

measured from the central loading plane. Further, small fillets which were provided at the
junctions of the cross help in reducing the stress concentration in the matrix at these locations.
This is evidenced by the lower strain measurement at gage 2 compared to gages 3 and 4 which
are mounted in the central region.

Figure 4-7 is a photomicrograph of the fractured halves of two different cruciform specimens

clearly indicating that failure occurred mostly in the interface. However, for some specimens

without end tabs, failure occurred at the grip in the rectangular section.

Fig. 4-7: Photograph showing failed specimens



In order to identify the failure modes under transverse loading, fracture surface analysis was
next conducted using scanning electron microscopy (SEM). 4-8 shows a typical SEM
photomicrograph of the fracture surface in the central region of the specimen. The fracture
surface appears to be relatively smooth which is indicative of failure occurring due to radial
normal stress alone. On the other hand, a rough (or hackle-like appearance) of the fracture
surfac‘;es would have been indicative of mixed-mode failure (i.e., failure due to radial normal

stress in conjunction with shear stress).

Fig. 4-8: SEM photomicrograph showing the fracture surface

We also made an attempt to identify the location of stress intensification along the
fiber/matrix interface where debonding would initiate. Figure 4-9 shows the development of

photoelastic fringe patterns in the central region of the cruciform specimen at two selected stress

(a) 26.1 MPa (b) 32.7 MPa

Fig. 4-9: Photomicrographs showing photoelastic fringes for the applied stresses
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levels. The first appearance of photoelastic fringe occurred at the applied stress of 26.1 MPa and
was confined to a very small area. This small fringe grew in intensity with increasing load, as

shown at a stress level of 32.7 MPa in Fig. 4-9(b), until failure which occurred at 36 MPa.

Figure 4-10 is a photomicrograph of the same specimen taken after failure and clearly shows
that the fiber was separated from the matrix. Thus, under transverse loading, interface debonding

was the dominant failure mode for single-fiber glass/epoxy cruciform specimens.

Fig. 4-10: Photomicrograph showing fiber-matrix separation after failure

4.4.2 SCS-0/Epoxy Composite
4.4.2.1 Interface Strength Measurement

Figure 4-11 shows the variation of the non-zero stress components in the matrix at the fiber
matrix interface in the loading direction (i.e., 0 = 0°) as a function of distance from the center of
the cruciform specimen. These stress components have been normalized with respect to the far-

field applied stress (oy), and thus represent the stress concentration factor (SCF), while the

distance is normalized with respect to the fiber length, 1.

As seen in this figure, the radial stress at the interface is the dominant stress component and
remains reasonably constant (within 10 percent) over two-thirds of the loading region. The lower
value (i.e., 0.9) of radial SCF at the specimen center compared with far field unit value is a resuit
of some load shedding into the specimen wings because of their relatively large thickness, h. As
a consequence, the gradients in the stress profiles shown in Fig. 4-11 across the width, a, of the
loading arm are less severe compared to our observations in our earlier study on Al/epoxy system

[9]. In a later section, we will demonstrate the effect of varying the width (2 a) of the loading arm
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Fig. 4-11: Axial variation of interfacial stresses in the matrix

and the height (2 h) of the wings on the radial SCF. More importantly, the present analysis does
show that the radial SCF approaches zero value in the wings before increasing marginally near
the free surface indicating the existence of a stress singularity at the fiber end, although the
singularity is ineffective for the present geometry. Consequently, interface debonding always
occurs in the central ‘gage’ section in this specimen where the radial SCF is a maximum, thus
avoiding the influence of end effects on measured debond strengths. This was verified
experimentally éince no debonding was observed before or after loading near the free edges in
the samples tested. Analytical modeling of the present geometry further indicates that the radial
stress concentration factor is maximum in the loading direction, i.e, at 8 = 0°, and that is where
debonding is likely to initiate. Further, there is stress concentration in the matrix region near the
fillet area. Thus, under loading applied transverse to the fiber axis, failure of the specimen is also
likely to take place near the fillet region. We will demonstrate in next sub-section how this
failure behavior can be modified by changing the width of the loading arm and the height of the

wings.

Figure 4-12 shows the photoelastic fringe patterns in the central region of a specimen which
was mounted on the straining stage of the polarized microscope and was incrementally loaded in

tension to failure. The first appearance of photoelastic fringes occurred at the applied stress of
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Fig. 4-12. Photomicrographs showing photoelastic fringes for the applied stresses

42.2 Mpa and was confined to three different regions along the specimen length. The first zone is
a very small area near the fiber-matrix interface over the top of the fiber while the second zone is
comparatively larger in size and is below the fiber surface, as seen in the micrographs in Fig.
4-12. The third zone is symmetric about the position marker with respect to zone one and is
located to the right of the marker on the top of the fiber surface (but is not within the field of
view of the micrographs shown). It is speculated that the first and the third zones on the top of
the fiber surface are the two ends of the interfacial debond crack which has grown along the fiber
length and circumference and is connected to zone 2. Using 2-D variational analysis, it has been
shown in a previous study [10] with steel rods in epoxy matrix that the initial debond (caused by

or) propagates only along a porfion of the cross-sectional interface and then branches into the

matrix. The photomicrograph in Fig. 4-12 was taken in the loading plane and if the debond is
wrapped partially around the fiber circumference, the photoelastic fringes will not indicate a well
defined crack tip but will indicate just an area of higher stress. The second zone visible in the
micrograph in Fig. 4-12 therefore represents the partially debonded interface in the cross-
sectional plane. With an increasé in the external stress level, the debond propagates axially along
the interface. The external stress level at which the crack-tip fringes first appear is interpreted to

be the applied stress level at debond initiation.

The model specimens are also loaded to failure in an MTS machine while strain and acoustic

emission activity are continuously monitored. Figs. 4-13 (a) and 4-13(b) are a plot of the applied
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Fig.4-13: (a) Applied stress - local strain plot, and (b) Acoustic emission count respectively, for SCS-0/Epoxy
composite

stress — local strain response and the acoustic emission count, respectively, for SCS-0/Epoxy
specimen. On this sample, multiple strain gages are utilized to monitor strain at different
locations in conjunction with an acoustic emission transducer attached at the center of the

specimen to detect initiation of debonding. The strain gage locations are shown in the inset in

Fig. 4-13 (a).

The first evidence of acoustic emission activity occurs at a stress level of 45.1 Mpa which is
seen to coincide with the strain jump in response of all three gages, 1-3, placed in the center of
the specimen. This far-field stress level at the first occurrence of acoustic emission activity

and/or strain jump is referred as the initial debonding stress. Moreover, the strain values are
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nearly uniform in the central region as shown by gages 1-3. However, gage 4 which is located in
the matrix near the fillet region records a much larger strain value relative to the remaining three
gages. This signifies that there is a region of stress/strain concentration near the fillet area and is

in agreement with the analytical stress predictions.

In Table 4-2, we have now listed the applied stress level at debond initiation obtained either
from first occurrence of acoustic emission or strain jump in the stress-strain curve for several
different cruciform samples tested on a MTS machine. As shown in Figs 13 (a) and (b), the
“jump” in the stress-strain curve invariably coincides with the first occurrence of acoustic
emission activity for samples on which both surface strain and acoustic emission activity

measurements are conducted.

Table 4-2. Experimental data from transverse testing of SCS-0/Epoxy composite

Applied Stress at Debonding
(Mpa) Ultimate
Specimen # Failure stress
Strain Acoustic (Mpa)
jump emission
1 474 - 52.7
2 - 40.6 50.7
3 36.8 36.8 46.3
4 - 40.7 41.6
5 37.9 37.9 37.9
6 473 - 54.6
7 45.1 45.1 48.7
Mean Value 42.9 40.2 47.5
Std Deviation 5.2 3.2 6.0

The mean value of the external stress at which debonding initiates in samples tested on a
MTS machine is calculated as 42.9 Mpa and 40.2 Mpa using indicators from strain and AE

measurements, respectively. Notice that these mean values of the debond stress are in good
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agreement with the stress level at which photoelastic fringes first appear in a specimen which

was tested on the straining stage of a polarized microscope.

Figure 4-14 is a photomicrograph of the failed cruciform specimens indicating that ultimate
failure occurs in the fillet region which is in accordance with the analytical predictions. However,
for some specimens without end tabs, failure occurs at the grip in the rectangular section.
Nevertheless, what is interesting to note in Fig. 4-14 is the white line in the central region of the
two cruciform samples in between the strain gages. This picture was taken with the failed
samples illuminated by a light source from behind and the white line that we are seeing in these
images is the light which is passing through the debonded fiber-matrix interface. This
micrograph is therefore a visual confirmation of fiber-matrix debonding which takes place in a
cruciform specimen and the length of the illuminated region is a measurement of the extent of

debonding.

Fig. 4-14: Photograph showing failed specimens

Next, we made a section of the failed specimen in the region where we had visually observed
debonding and examined the cross-section under Scanning Electron Microscope (SEM). It was
observed [11] that the fiber has clearly separated from the matrix in the region which is very
close to the loading direction whereas the portion of the interface, which is perpendicular to the

loading direction, remains bonded. Thus, under transverse loading, debonding does not take
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place over the entire circumference, but only over some portion of the interface interface and
supports our hypothesis from the photoelastic fringes observed on the straining stage. As a

consequence, the fiber remains attached to the matrix when the specimen fails.

The tensile strength of the interface is determined by multiplying the average value of
externally applied stress at debond initiation (obtained using indicators from photoelastic, strain
and AE measurements) with the radial stress concentration factor at the interface and is
calculated as 36.7 Mpa. This estimated value of bond strength is independent of edge effects
since we have shown that interface debonding always initiates in the central region of the cross
away from fiber ends. This middle region is free of initial stress singularities and therefore the
results produced by testing of these specimens are capable of providing the true transverse

response of the fiber-matrix interface.
4.4.2.2. Parametric Study

While discussing the results presented in Fig. 4-11, we had noted that the radial SCF at the
specimen center was lower than unity as a consequence of load shedding into the specimen
wings because of their relatively large height. We had also mentioned that FEM modeling had
revealed a region of large stress concentration near the circular fillet where the specimen failed.
To modify the failure behavior observed using the present cruciform geometry, a parametric
study was conducted in which we changed® the width of the loading arm (2 a) and the height of

the specimen wings (2 h).

Figure 4-15 examines the effect of varying the loading arm width on the radial stress
component in the loading direction, while the height of the wings remains unchanged. Note that
the loading arm half-width normalized by fiber half-length is indicated as a short vertical dash-
line on each one of the curves and should not be interpreted as a jump in the SCF value at that
location. It is found that the radial SCF increases with an increase in the width of the loading arm
and in the limit we approach the results of straight-sided geometry where failure is dominated by
the free edge effects [9]. Therefore, while the stress concentration at the interface in the central
region of the specimen can be significantly increased from its present value of 0.867 by

increasing the width of the loading arm, there is an optimum width value beyond which stresses
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evaluated at the fiber end become more dominant in the cruciform geometry. Thus, further
increase of the width of the loading arm (or shortening of the length of the wings) will become

counter-productive.

Figures 4-16(a), (b) and (c), are plots of the radial SCF in the loading direction along the
fiber length for loading arm half-widths of 3.8 mm, 7.4 mm and 11.2 mm, respectively, while the
wing height is allowed to vary. It is noted that the stress concentration at the interface increases
as the height of the wings is decreased. Further, the increase in SCF is larger at smaller values of
arm widths and the increment in SCF is reduced as the loading arm width increases. Thus, for a =
7.4 mm and 11.2 mm, there is only a marginal increase in the SCF even though the specimen
half-height is reduced by one-half from 1.72 mm to 0.86 mm. Therefore, no additional advantage
is obtained by further reducing the specimen height beyond a certain value. This observation is
important because it becomes increasingly difficult to fabricate and handle the cruciform

specimen with decreasing wing height.
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Fig. 4-15: Effect of loading arm width on the radial stress concentration factor

@ The fillet radius of curvature was changed from 6.35 mm to 2.54 mm and .13 mm, respectively, for loading arm half-widths of 11.2 mun and
13.7 mm. This was necessary in order to maintain a circular fillet for conducting numerical analysis.
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Figure 4-16. Effect of wing height on the radial stress concentration factor for loading arm half-width equalsv (a) 3.8
mm, (b) 7.4 mm and (c) 11.2 mm
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Table 4-3 summarizes the results of the parametric study for the maximum value of the stress
component 6, in the loading direction at the fiber-matrix interface and in the fillet region, for a
unit applied stress. For the geometry discussed in Table 4-3, the maximum value of interfacial
stress occurs at the central plane of the specimen, whﬂe in the fillet region, G, is maximum in
the region at which the circular fillet merges into the straight section of the cruciform wing
parallel to the loading direction. Recall that the present test geometry is given by h = 6.35 mm

and a =3.8 mm while the fillet radius of curvature is 6.35 mm.

Table 4-3. Maximum value of stress component ,, at fiber-matrix interface and in the fillet
region, for unit applied stress and varying cruciform geometry

Stress at Stress in
h (mm) a (mm) fiber-matrix matrix in
interface fillet region

1.9 0.508 1.138
6.35 3.8 0.867 1.283
7.4 1.227 1.428
1.9 0.776 1.145
1.72 3.8 1.149 1.278
747 1.387 1.362
1.9 0.848 1.147
0.86 3.8 1.208 1.272
7.4 1.409 1.339

* QOriginal specimen geometry tested
** Optimized specimen geometry

As discussed in Figs. 4-15 and 4-16, the maximum value of the interfacial radial stress
increases with an increase in the width of the loading arm and a decrease in the wing height. On
the other hand, the maximum value of fillet stress is found to increase slightly with width of the
loading arm while it decreases slightly with decrease in wing height at the larger value of loading |
arm width. As the half-width of the loading arm increases from its present value of 3.8 mm to 7.4
mm, and the wing half-height reduced from 6.35 mm to 1.72 mm, the SCF at the interface
changes from 0.867 to 1.387 while the fillet stress changes from 1.283 to 1.362. Thus, by

modifying the cruciform geometry, there is a significant increase in the radial SCF at the
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interface, while there is only a marginal increase in the fillet stress. More importantly, the radial
stress at the interface now becomes larger than the fillet stress, albeit by a small amount. These
changes have a significant implication, namely, debonding will now initiate at the interface at a
lower value of externally applied stress which, in turn, reduces the likelihood of failure in the
fillet region. Consequently, interfacial failure will now be promoted by optimizing the cruciform
geometry. This is a very simplistic interpretation of the stress field behavior. It is clear that in the
fillet area, the stress distribution is influenced by the free edges, whereas, in the interior near the
interface, a triaxial stress distribution exists. Nevertheless, the trends shown in Figs. 4-15, 4-16
and in Table 4-3 suggest that the new configuration given by a = 7.4 mm and h = 1.72 mm, is
very close to the optimum geometry for SCS-0/epoxy system. By definition, the cruciform
design which results in the largest value of interfacial radial stress in the interior of the specimen
and thereby promotes interfacial failure without invoking free edge effects is considered as
optimum. Moreover, these new dimensions satisfy the constraints imposed by the fabrication

procedures and test methods.

To verify that the optimized geometry for SCS-0/Epoxy system would perform better, a
cruciform specimen was made using the new geometric parameters and loaded to failure in an
MTS machine. Figure 4-17 is the photograph of the failed specimen and clearly shows fiber-
matrix debonding in the central region. The debond is seen to propagate along the fiber in the

loading arm region and then runs parallel to the interface in the matrix. Eventually, the crack

Fig. 4-17: Photograph of the failed cruciform sample (optimized specimen geometry)
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front bows away from the interface near the fiber end. Note that even at failure the fiber ends
remain in contact with the matrix. Thus, in this new cruciform design, free edge effects are not
large enough to cause failure at the fiber ends while interfacial failure is promoted, as predicted
by FE analysis. For this particular sample, first occurrence of acoustic emission activity takes
place at a stress level of 29.8 MPa, which in conjunction with the calculated radial SCF of 1.387,
results in a debond strength of 41.3 MPa. This value is in reasonably good agreement with the
average value of the pfedicted bond strength of 36.7 MPa using the older geometry. The fracture
surface of the specimen shown in Fig. 4-17 in the central region was also examined under SEM.
The inspection reveals a smooth fiber surface which is consistent with our earlier assumption that
the radial stress at the interface is responsible for debond initiation. This new cruciform design,

therefore, provides valid interface strength which is truly independent of edge effects.

4.4.2.3 Debond Length Measurement

The optimzed cruciform geometry discussed in the previous section was utilized to make
additional specimens using SCS-0 fibers for debond length measurements [12]. Initiation and
growth of interface debonds was detected optically by observation of variations in the intensity
of light reflected from the surface of the fiber during loading. Images showing debond initiation
and debond growth from a representative test are shown in Fig. 4-18. The fiber in image (a) is
black except for an area marked “debond” approximately 3.5 fiber diameters long on the bottom
~ half of the fiber which reflects light with a greater intensity. The load increases from 193 N in
image (a) to 252 N in image (d) while the debond grows over 3 mm. Surface defects in images

(b), (c), and (d) can be used as position markers to compare the changing debond length.

At a higher magnification additional information can be obtained from the debonding images.
For example, it is apparent from Fig.4-19 that the crack front is not straight and perpendicular to
the fiber axis but has a more complicated curved shape that extends further in the axial direction
on the bottom of the fiber. As stated earlier, the illumination is set at an intensity such that before
loading, the fiber surface is on the verge of being shiny. This lighting produces a bright area
along the approximate centerline of the fiber that is present throughout the test. The reflective
centerline area is not to be confused with the debond. As illustrated in Fig. 4-19, the height of the

crack wake can be measured and used to infer the angle, «, that the debond wraps around the
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Fig. 4-18: Images of debonding in SCS-0/epoxy

fiber. On average, the value of o for SCS-0/epoxy was measured as 157.4° assuming a
symmetric debond. Finally, the maximum load at which the sample completely fails can be
assumed to be the load at which the debond exits the interface. From the applied load at final
failure and the analytical modeling, the stress field in the sample can be determined, and the
debond length and shape are known from the photomicrographs. Thus, all the required
parameters are known to establish a criteria for the débond kinking out of the interface, which

will be the topic of a follow on study.

4.4.3 Nicalon/Epoxy Composite

Nicalon/epoxy samples were also cruciform tested as a first attempt at testing fibers with a

20 um fiber

\ Curved

x-section crack front

measure of
debond angle TN

Fig. 4-19: Shape of crack front on SCS-0 fiber surface
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debond

Fig. 4-20: Debonding in Nicalon/epoxy

diameter on the order of graphite fibers. Nicalon was chosen for initial studies for two reasons.
Nicalon fibers can be easily placed precisely in the mold since they are stiff enough to support
their own weight, and Nicalon fibers have a large transverse stiffness of 200 GPa, thus,
producing a large normal stress concentration at the interface whe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>